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Fuel cells are envisaged to be a new generation of power sources which 
convert chemical energy into electrical energy with, theoretically, both 
economical and environmental benefit. As a subcategory of polymer 
electrolyte membrane fuel cells, direct alcohol fuel cells exhibit the most 
pertinent properties in the application of portable electronic devices. As the 
most important and the most expensive component in DAFCs, 
electrocatalysts have attracted considerable academic and industrial 
attention. One of the en route research on fuel cells aims to develop 
nanomaterials with better catalytic performance and lower cost. Proceeding 
towards this goal, this dissertation will be focusing on the study of the 
cathode and the anode catalysts in DAFCs. 
Specifically, as anode catalysts, novel palladium based, 1-dimensional, 
membrane electrodes were fabricated via a facile and versatile 
electrospinning – electroless plating procedure. Nanofibrous polyamide 6 and 
titanium dioxide were prepared by electrospinning, serving as the template 
for the subsequent electroless plating of Pd. The as-prepared, free-standing 
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Pd nanofibers were applied in the electrocatalysis of ethanol oxidation 
reaction and glycerol oxidation reaction in alkaline medium. Beyond the 
examination of the activity of the catalysts, the mechanisms of EOR and GOR 
on Pd in alkaline electrolyte were also studied. 
In the context of cathode catalysts, platinum-copper alloy nanotubes 
were synthesized by galvanic replacement reaction using high-quality Cu 
nanowires as the sacrificial template. This rationally designed electrocatalyst 
for oxygen reduction reaction inherited the advantage of improved catalytic 
activity from the incorporation of a second transition metal and ameliorated 
durability from the 1-dimensional structure, which were verified by rotating 
disk electrode experiment and accelerated durability test, respectively. In 
addition, the fabrication of Pt based, free-standing catalyst on a conductive 
substrate, such as single-walled carbon nanotubes and polyaniline, was also 
investigated using electrodeposition technique. The applicability of the as-
prepared Pt/SWCNTs composite as a free-standing electrocatalyst for ORR 
was also demonstrated. 
In summary, the developed methods for the fabrication of free-standing 
membrane electrodes and rationally designed nanomaterials combining 
several favorable properties will open up new avenues in the preparation of 
noble metal based nanomaterials and can be potentially extended to the 
synthesis of a wider range of electrocatalysts in the application of DAFCs. 
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Introduction 
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   2 
1.1 Fuel cells 
Fuel cells are envisaged to be a new generation of power sources which 
convert chemical energy into electrical energy with, theoretically, both 
economical and environmental benefit.1 Combining with the emerging 
Hydrogen Economy, fuel cells have shown great promise to replace the 
conventional combustion engine for transportation applications.2 Fuel cells 
can be categorized by the electrolyte, such as aqueous alkaline solution 
(alkaline fuel cells, direct borohydride fuel cells, etc.), molten substances 
(molten carbonate fuel cells, phosphoric acid fuel cells, etc.), conductive 
ceramic oxide (solid oxide fuel cells, protonic ceramic fuel cells, etc.), and 
polymer electrolyte (proton exchange membrane fuel cells, alkali anion 
exchange membrane fuel cells, etc.), which facilitates the mass transfer of the 
power generation unit. Figure 1-1A depicts a schematic configuration of a 
general fuel cell including two electrodes and a certain type of electrolyte. 
Hydrogen (H2) is oxidized on the anode by releasing electrons which are then 
transported through an external circuit (e.g. electrical appliances) to reduce 
oxygen (O2) on the cathode. 
In the context of portable electronic devices where the power 
requirements are low, direct alcohol fuel cells (DAFCs) exhibit the most 
pertinent properties, namely, high energy density of the fuel (in other words, 
small volume for the required power), low cost, mild working temperature, 
safety of operation, ease of storage and refueling. Figure 1-1B illustrates the 
CHAPTER 1 	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mechanism of a proton exchange membrane based direct ethanol fuel cells 
containing a membrane electrode assembly (MEA, the combination of cathode, 
anode, and proton exchange membrane) and two bipolar plates (the backing 
layers and current collectors). Ethanol is oxidized on the anode. Meanwhile, 
O2 is reduced on the cathode. Protons (H+) are delivered from the anode to the 
cathode within MEA under the influence of the proton exchange membrane 
in order to balance the electric charge in the system, which is the 
characteristic − unidirectional mass transfer of H+ or hydroxyl ions (OH-), of 
polymer electrolyte membrane fuel cells (PEMFCs). 
 
In general, an oxidation reaction (loss electron) and a reduction 
reaction (gain electron) take place on the anode and the cathode, respectively, 
with a thin layer of electrocatalyst coating on each electrode to promote the 
corresponding half reaction, the kinetics of which is intrinsically sluggish. As 
A B 
Figure 1-1. Schematic illustration of PEMFCs (A) and DAFCs (B). 
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the most important and the most expensive component in fuel cells, 
electrocatalysts have attracted considerable academic and industrial 
attention. One of the en route research on fuel cells aims to develop 
nanomaterials with better catalytic performance and lower cost. Proceeding 
towards the goal, this dissertation will be focusing on the discussion of the 
cathode and the anode catalysts in DAFCs. 
1.2 Noble metal based electrocatalysts for alcohol oxidation reactions 
1.2.1 Basic concept 
(a) Direct alcohol fuel cells 
Hydrogen is the most widely utilized anode fuel for all types of fuel cells due 
to the simplicity of the molecule and the reaction. The Electrooxidation of 
hydrogen is kinetically favorable which can be effectively catalyzed by 
platinum (Pt) in both acidic and alkaline electrolyte without exerting any 
negative influence on the catalysts. Therefore, the academic and industrial 
effort on hydrogen fuel cells has been concentrating on hydrogen production, 
hydrogen delivery, and hydrogen storage instead of on hydrogen oxidation 
reaction (HOR). Hydrogen can be produced by steam reforming of fossil or 
alcohol fuels. As a hydrogen carrier, methanol or ethanol can be used on the 
anode of a fuel cell after a steam reforming process in order to take 
advantage of the high efficiency of HOR. This type of fuel cells is called 
reformed or indirect alcohol fuel cells (RAFCs or IAFCs). In contrast, direct 
CHAPTER 1 	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alcohol fuel cells (DAFCs) immediately use the alcohol fuel as the electron 
donor on the anode. The fundamental difference between IAFCs and DAFCs 
is that IAFCs use hydrogen while DAFCs use alcohol on the anode. 
Thereafter, a similar but broader category of fuel cells was defined as direct 
liquid fuel cells (DLFCs) where the liquid compound was directly fed into the 
anode. 
 
In terms of the storage of energy, DLFCs have shown great perspective 
as the power sources for portable electronic devices. Table 1-1 lists the 
theoretical energy densities of several fuels compared with those of gasoline 
and biodiesel. Methanol and ethanol have been under extensive and intensive 
study as anode fuels, leading to direct methanol fuel cells (DMFCs) and direct 
Table 1-1. Energy density of different fuels 
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ethanol fuel cells (DEFCs), respectively. The electrode reactions are given 
by:3 
             𝐶𝐻!𝑂𝐻 + 𝐻!𝑂 → 𝐶𝑂! + 6𝐻! + 6𝑒!                    𝐸! = 0.016  𝑉                (1-1) 
        𝐶!𝐻!𝑂𝐻 + 3𝐻!𝑂 → 2𝐶𝑂! + 12𝐻! + 12𝑒!                    𝐸! = 0.085  𝑉            (1-2) 
Combined with the standard electrode potential of oxygen reduction reaction 
(E0 = 1.229 V), the ideal potential (𝐸!!") for DMFC and DEFC are 1.213 V and 
1.144 V, respectively. 
(b) Energy efficiency of DAFCs 
Table 1-1 may provide a reasonable estimation of the energy produced from 
the corresponding fuel in an internal combustion engine; but it is not the case 
in a fuel cell. For example, the open circuit voltage (OCV) for a DMFC single 
cell is 0.7 V and the operating voltage is only 0.4 V or less.4 This problem 
stems from the unfavorable efficiency of DAFCs. The overall energy efficiency 
of a PEMFC can be defined as:5 
                   𝜂!"## = !!"#!" !!!!! = !!"#!! ! !!!!" !!!!!!"!!!! = !!"#!! ! !!!!" !!!!!! = 𝜂!𝜂!𝜂!"#              (1-3) 
where nexp and n0 are the number of electron transfer in a real and ideal 
reaction, respectively; F is the Faraday constant (96,485 C·mol-1); E(j) is the 
actual cell voltage under the current density j; ΔH0 and ΔG0 are the enthalpy 
and Gibbs energy change of ideal half-cell reaction, respectively; By definition, 
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ηf is the fuel efficiency; ηv is the voltage efficiency; ηrev is the reversible 
energy efficiency or thermodynamic efficiency which is a constant for a 
certain reaction. Take a DEFC operating at 0.5 V and 50 mA·cm-2 as an 
example. For equation 1-3, ΔH0 = -1366 kJ·mol-1 and ΔG0 = -1325 kJ·mol-1. If 
ethanol is oxidized to carbon dioxide (complete oxidation): 
𝜂!"##!"#$%&'& = 𝑛!"#𝑛! 𝐸 𝑗𝐸!!" Δ𝐺!Δ𝐻! = 1212 ∙ 0.51.144 ∙ 13251366 = 42.4% 
If ethanol is oxidized to acetic acid (incomplete oxidation): 
𝜂!"##!"#$%&'()( = 𝑛!"#𝑛! 𝐸 𝑗𝐸!!" Δ𝐺!Δ𝐻! = 412 ∙ 0.51.144 ∙ 13251366 = 14.1% 
Therefore, it is safe to draw the conclusion that the low efficiency of 
DAFCs originates from the sluggish kinetics of alcohol oxidation reaction.5 
The enhancement of ηcell can be realized by either improving ηf or ηv, which is 
synonymous with increasing the number of electron transfer or decreasing 
the overpotential of the reaction, respectively. In other words, the improved 
overall efficiency can be achieved by improving the kinetics of alcohol 
oxidation reaction using appropriate catalysts. 
1.2.2. Pt based electrocatalysts for methanol oxidation reaction 
As the simplest alcohol, methanol has been employed as the model compound 
and provided insightful information in the inquiry of the mechanism of the 
electrooxidation of alcohols. Meanwhile, Pt has been the most involved metal 
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to catalyze this reaction. Therefore, we will expand the discussion from the 
methanol-Pt system.  
(a) Reaction pathway 
Scheme 1-1 presents the reaction pathways for the methanol oxidation 
reaction (MOR) on the surface of Pt:6 
 
The strongly adsorbed carbonyl group (COads) involved and the weakly 
adsorbed carboxyl group (COOHads) involved reaction routes are also called 
indirect and direct pathway, respectively, for MOR.5 The two pathways 
compete with each other from the bifurcation point. It has been proven 
beyond doubt that COads is the primary poisoning intermediate passivating 
the surface of Pt, which ultimately results in the sluggish kinetics of the 
electrooxidation of methanol in an acidic electrolyte. Therefore, a more 
Scheme 1-1.  Reaction pathways for methanol oxidation reaction on Pt. 
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competent, Pt based electrocatalyst for MOR should be able to inhibit the 
formation of COads on Pt or weaken the bonding between COads and Pt. 
(b) Bimetallic catalysts 
It is obvious from scheme 1-1 that increasing the concentration of OHads 
would decrease the concentration COads ascribed to the smaller rate of 
generation and the larger rate of consumption. However, the formation of 
OHads (water splitting) on the surface of pure Pt: 
                             𝑃𝑡 + 𝐻!𝑂 → 𝑃𝑡𝑂𝐻!"# + 𝐻! + 𝑒!                                 (1-4) 
takes place at a considerably high potential.6b Fortunately, water-splitting 
reaction requires much lower potential on some other transition metals such 
as ruthenium (Ru) and tin (Sn). Therefore, the addition of a second, more 
hydrophilic metal (M) successfully circumvents this limitation and greatly 
facilitates MOR via the so-called “bifunctional mechanism”:7 
                  𝑃𝑡𝐶𝑂!"# +𝑀𝑂𝐻!"# → 𝐶𝑂! + 𝐻! + 𝑒! + 𝑡 +𝑀                    (1-5) 
Moreover, the incorporation of a second metal may also alter the 
electronic property of Pt through the “ligand effect”.8 The d-band center 
position of Pt decreases in the presence of Ru or Sn, resulting in a weaker 
strength of the adsorption of CO on Pt, and consequently, improving the 
kinetics of the indirect pathway of MOR. Both theoretical and experimental 
results have confirmed the combination of bifunctional mechanism and 
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ligand effect for MOR using PtRu9 or PtSn.10 Recently, Fang et al. developed 
a versatile, wet-chemistry approach to synthesize monodisperse PtCu11 and 
PtCo12 nanocubes with well defined crystallographic structure. The as-
prepared bimetallic catalysts have displayed enhanced activity for the 
electrooxidation of methanol in HClO4 compared with the Pt monometallic 
counterparts. In addition, PtPd nanocubes and nanotetrahedra were also 
prepared by a hydrothermal method.13 The resultant catalysts exhibited 
better activity (jf) and durability (jf/jb) for MOR in HClO4 than Pt/C. 
(c) Monometallic catalysts – morphological control 
In monometallic Pt catalysts, the presence of Pt alone rules out the aid from a 
second metal. Nevertheless, the ameliorated kinetics of MOR can be also 
obtained by carefully tuning the structural properties of Pt. The pioneer work 
by Adzic et al. signified the crystallographic dependence of MOR catalyzed by 
Pt in acidic solution.14 This research was carried out on well defined, single 
crystal, Pt(100)-, Pt(110)-, and Pt(111)- surface electrodes. Pt(111) was found 
to be the most active plane in terms of the onset potential. Interestingly, 
Pt(111) also had a lowest degree of adsorption of COHads. Therefore, the 
higher catalytic activity of Pt(111) was ascribed to the lower blockage from 
the reaction intermediate. 
A new class of Pt nanotube (PtNT) fuel cell catalyst was applied in the 
electrooxidation of methanol in H2SO4.15 The 1-dimensional (1-D), 
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nanoporous, hollow PtNTs have shown considerably enhanced activity for 
MOR with respect to bulk polycrystalline Pt or Pt/C according to the 
experimental results from both cyclic voltammetry (i vs. E) and 
chronoamperometry (i vs. t). Moreover, the electrochemical property of 3-D, 
free-standing, Pt nanowire networks was also explored in the area of MOR, 
and dramatically improved catalytic performance was achieved compared to 
those of Pt black or Pt/C.16 This improvement from 1-D and 3-D Pt catalysts 
can be attributed to the anisotropy and/or interconnectivity of their 
particular structures, leading to the efficient electron transfer and the 
definitive resistance to agglomeration, which could be hardly found in the 0-D 
counterparts. 
1.2.3 Pt based electrocatalysts for ethanol oxidation reaction 
Designated as the “the fuel of the future” by Henry Ford, ethanol has 
continuously been recognized as the most attractive alcoholic fuel for the 
following reasons. First, ethanol can be conveniently produced from 
renewable agricultural products, such as corn, sugar, and fruits, by well-
established fermentation technology. Second, ethanol is much less toxic and a 
lot more biodegradable than methanol and fossil fuel. Third, ethanol has a 
large energy density and a reasonable molecule size compared to any other 
alcohols. Therefore, it is of great economical and environmental interest to 
develop an ethanol-fueled, energy-conversion device. The preceding research 
on DEFCs is apparently aiming to realize this objective. As a natural 
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extension of Pt-MOR system, we will continue our discussion with Pt based 
electrocatalysts on the ethanol oxidation reaction (EOR). 
(a) Reaction pathway 
The major problem impeding the commercialization of DEFCs is the low fuel 
efficiency (ηf). In other words, the main product for EOR is the partial 
oxidation product (equation 1-6) instead of CO2 (equation 1-2). 
                            𝐶!𝐻!𝑂𝐻 → 𝐶𝐻!𝐶𝐻𝑂 + 2𝐻! + 2𝑒!                             (1-6a) 
                     𝐶!𝐻!𝑂𝐻 + 𝐻!𝑂 → 𝐶𝐻!𝐶𝑂𝑂𝐻 + 4𝐻! + 4𝑒!                       (1-6b) 
As a matter of fact, CO2 accounts for only 20-40% in the overall products of 
EOR in contrast to 90% of MOR.6a The generally accepted mechanism for 
EOR on the surface of Pt is presented in Scheme 1-2:5 
 
Scheme 1-2.  Reaction pathways for ethanol oxidation reaction on Pt. 
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where the adsorptions of COads and CHads on the active sites are strong; the 
adsorption of CH3CHOads is weak.  
(b) Multimetallic electrocatalysts – synergistic effect 
The reaction pathway for EOR bears several similarities to the one for MOR 
(Scheme 1-1). Therefore, electrocatalysts such as PtRu and PtSn based on the 
bifunctional mechanism and ligand effect bestowed by the second metal can 
also be applied to promote the kinetics of EOR in acidic solution.17 Recently, a 
detailed mechanistic study on the electrooxidation of ethanol catalyzed by 
PtRu or PtSn using NMR data was reported by Han et al.18 
A striking difference between EOR and MOR is the cleavage of C-C 
bond in EOR which is, incidentally, rather sluggish even catalyzed by PtRu 
or PtSn,18 resulting in much smaller ηf for DEFCs than that for DMFCs, and, 
simultaneously, holding a breakthrough point to enhance the performance of 
DEFCs to the uttermost. An archetypical work reported by Adzic et al. 
methodologically described a rationally designed RhPtSnO2 to effectively 
break C-C bond for EOR in HClO4.19 The outstanding catalytic activity of the 
ternary catalyst relied on the synergy between the three constituents. Unlike 
aforementioned Pt based binary catalysts, in this research, it is more 
accurate to describe this multimetallic compound as a Rh based 
electrocatalyst due to the major contribution of active sites from Rh. Cyclic 
voltammetry revealed that the catalytic ability of three Rh(111) based 
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electrodes were in the order of: PtSnO2/Rh(111) > Pt/Rh(111) > Rh(111). 
Although Pt based catalysts were also able to promote EOR (regardless of the 
product), the catalytic activity of RhPtSnO2/C was found to be much higher 
than that of PtSnO2/C or PtRu/C. Moreover, the current density of EOR at 0.3 
V (vs. RHE) on a RhPtSnO2/C modified glassy carbon electrode (GCE) was 
more than 100 times higher than that on a Pt/C modified GCE according to 
Tafel plot. The same enhancement was also obtained from 
chronoamperometry at 0.45 V (vs. RHE). More importantly, in situ infrared 
reflection-absorption spectroscopy (IRRAS) data substantiated the production 
of a considerable amount of CO2 and an inconsiderable amount of 
acetaldehyde or acetic acid from PtRhSnO2/C. The elaborate and 
comprehensive reaction pathway in the RhPt/SnO2(111) catalyzed EOR 
(Figure 1-2) and the specific role of Pt, Rh, or SnO2 was investigated by 
carrying out a DFT calculation. SnO2 exclusively broke down H-OH bond to 
provide OHads. The local, high concentration of OHads decreased the 
adsorption of H2O on the vicinal Pt or Rh, making them available for EOR. 
Rh provided most active sites for ethanol-related intermediation and Pt 
facilitated the dehydrogenation of ethanol. The formation of CH2CH2Oads was 
essential for C-C splitting (Figure 1-2). Rh was shown to be a better metal 
than Pt for the stabilization of this intermediate due to the higher d-band 
center and more unoccupied d-states of Rh than those of Pt. In addition, the 
spontaneous electron transfer from Rh to Pt generated more available, 
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unoccupied d-states of Rh. At the same time, the d-band center of Pt shifted 
away from the Fermi level. Therefore, besides the activity to the dissociated 
hydrogen atom, Pt also played the role of a promoter in RhPt. 
 
(c) Monometallic Pt catalysts – high-index facets 
It has been identified that atomic steps and kinks of Pt with lower 
coordination numbers delivered distinct active sites for the efficient scission 
of C-C bond in the heterogeneous catalysis of hydrocarbons.20 Such steps 
and/or kinks inherently exist on high-index facets (HIF).21 In theory, the 
Figure 1-2. Calculated possible pathways for the C–C bond breaking of 
ethanol on the RhPt/SnO2(110) surface. The reaction energies and 
parenthesized barriers in the figure are expressed in eV.19 
a 
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cleavage of C-C bond in ethanol should be easier than that in hydrocarbon 
due to the increased polarity of C-C bond induced by hydroxyl group. 
Therefore, it is logic to expect the high catalytic activity from Pt catalysts 
with HIF to break C-C bond in the electrooxidation of ethanol. Nevertheless, 
this beautiful picture is hindered by the challenge of the production of Pt 
nanocrystals with HIF because of their high surface energy. Recently, Wang 
et al. reported an electrochemical approach to synthesizing tetrahexahedral 
(THH) Pt nanocrystals bounded by 24 HIFs such as (730), (520), and/or (210) 
surfaces.21 Pt nanospheres were first deposited on the surface of GCE 
followed by a dissolution-recrystallization cycle under the impact of square-
wave voltammetry. The effect of deposition parameters and the growth 
mechanism of THH Pt nanocrystals were thoroughly discussed. As predicted, 
enhanced catalytic activity of THH Pt nanocrystals for EOR in HClO4 
compared to that of Pt/C was demonstrated in terms of steady-state current 
and onset potential, which were measured and deduced, respectively, from 
chronoamperometry. This proof-of-concept research motivated the further 
development of HIF Pt based electrocatalysts for the practical application in 
fuel cells. Adopting a similar procedure, Sun et al. successfully prepared 
carbon supported, HIF Pt enclosed by (510), (310), and (210) planes with an 
average size of 5.1 nm directly on GCE.22 In this work, carbon black dispersed, 
insoluble Cs2PtCl6 was dropped on GCE and employed as the precursor for 
the subsequent electrochemical treatment. The as-prepared HIF-Pt/C was 
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superior to Pt/C for EOR in HClO4 reflected by the 100 mV-lower onset 
potential from cyclic voltammetry, the 3-fold higher steady-state current at 
0.25 V (vs. SCE) from chronoamperometry, and, more importantly, the 
doubled ratio of the production of CO2 to CH3COOH from in-situ FTIR 
reflection spectroscopy, indicating the greatly enhanced cleavage of C-C bond. 
1.2.4 Pd based electrocatalysts for MOR and EOR in alkaline solution 
The alcohol oxidation reaction in alkaline electrolyte has exhibited greatly 
improved kinetics compared to that in acidic electrolyte.23 Tripkovic et al.24 
and Jiang et al.25 have demonstrated this trend on Pt based electrocatalysts 
for MOR and EOR, respectively. The recent progress in the fabrication of 
anion exchange membranes further boosts the initiative for the research on 
alkaline fuel cells (AFC). 
In terms of the catalyst, Pt is not indispensible any more for the 
electrooxidation of alcohols. In fact, palladium (Pd) has shown superior 
catalytic activity to Pt towards a wide range of alcoholic compounds in 
alkaline medium. Pd/C has exhibited higher catalytic ability than Pt/C for 
MOR and EOR with lower onset potential and higher anodic current density 
in potassium hydroxide (KOH) solution.26 Furthermore, Pd (15 ppb, mass 
fraction in the crust of earth) is at least 3 times more abundant than Pt, and 
one half the price of Pt, which makes it more attractive than Pt for the 
commercialization of DAFCs. In contrast to that in acidic electrolyte, non-
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noble metals or metal oxides show excellent stability in alkaline environment, 
which diversifies the option of promoters for Pt or Pd based electrocatalysts. 
Enhanced catalytic activities towards MOR and EOR were observed when 
combining Pd/C with a number of metal oxides such as CeO2, Co3O4, Mn3O4, 
and NiO.27 In a subsequent work, Shen et al. proved the synergistic effect 
between NiO or CeO2 and Pd for EOR in KOH, and the resultant carbon 
supported noble metal-metal oxide composite materials were even 
advantageous to the commercial PtRu/C.28 Similar to the case of Pt, the 
electrocatalytic performance of monometallic Pd catalyst can also be greatly 
improved by appropriate morphological control. For example, Jiang et al. 
reported the fabrication of highly ordered Pd nanowire array (Pd NWA) by an 
anodized aluminum oxide (AAO) template based electrodepostion method.29 
The as-prepared Pd NWA outperformed the conventional ETEK PtRu/C 
catalysts towards EOR in KOH in terms of the 40 mV more negative onset 
potential and the doubled anodic peak current density with the same loading 
of noble metals. 
1.2.5 Noble metal based electrocatalysts for glycerol oxidation 
reaction 
(a) Benefit of glycerol 
In DAFCs, methanol and ethanol have been under the most investigation due 
to their simple structures and accessible reaction pathways. However, the 
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severe toxicity and corrosivity of methanol and the high volatility and 
flammability of ethanol invoke safety concerns that may potentially limit the 
popularization of DMFCs and DEFCs. Alternatively, the utilization of 
polyhydric alcohols such as ethylene glycol (C2), glycerol (C3), and erythritol 
(C4) have been proposed in order to overcome these problems. Among these 
candidates, glycerol has received increasingly academic attention as a 
prospective alcohol fuel due to its extremely low toxicity (even lower than 
ethanol), weak corrosivity, and high boiling point (290 °C vs. 78 °C for 
ethanol and 65 °C for methanol). Furthermore, the large surplus of glycerol 
as a by-product in the production of biodiesel dramatically decreases the cost 
of this energy source.30 
(b) Reaction pathway 
The tempting advantage of glycerol as the anode fuel stimulates the interest 
in probing the elaborate reaction pathways for the electrooxidation of glycerol. 
Nevertheless, an arithmetically increased number of carbon results in an 
exponentially increased complexity of the reaction. Scheme 1-3 presents the 
intermediates involved in glycerol oxidation reaction (GOR) with more than 2 
carbons.23, 31 The reaction pathway from mesoxalic acid or oxalic acid to CO2 
is truncated. Formic acid could be produced along with the cleavage of C-C 
bond. Similar to that of MOR and EOR, the adsorption of carbonaceous 
species, OHads, and COads (during the evolution of CO2) are all entailed in the 
overall process of GOR. 
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Theoretically, 14 electrons can be harvested from a complete oxidation 
of glycerol (equation 1-7) while only 2 electrons are released if the final 
product is only dihydroxyacetone or glyceraldehydes. When no C-C bond 
breaking occurs, a maximum transfer of 10 electrons would be obtained if 
mesoxalic acid could be exclusively generated. In this extreme case, the fuel 
efficiency (ηf) is as high as 71.4%. 
                       𝐶!𝐻!𝑂! + 3𝐻!𝑂 → 3𝐶𝑂! + 14𝐻! + 14𝑒!                        (1-7a) 
                   𝐶!𝐻!𝑂! + 20𝑂𝐻! → 3𝐶𝑂!!! + 14𝐻!𝑂 + 14𝑒!                    (1-7b) 
The electrooxidation of glycerol on the surface of noble metal such as 
Pd,32 Pt,33 and Au34 has been investigated by means of electrochemical 
approach in the early 1990s. The development of modern analytical 
techniques greatly advances the insightful, molecular-level understanding of 
GOR. A detailed mechanistic study of GOR on Pt electrode in H2SO4 was 
carried out with on-line differential electrochemical mass spectrometry 
Scheme 1-3.  Reaction pathways for glycerol oxidation reaction on Pt. 
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(DEMS) and in situ FTIR in an attenuated total reflection (ATR) 
configuration.35 In another study, the reaction intermediates of GOR 
associated with different potentials on Pt or Au electrodes in alkaline 
electrolyte were successfully quantitated using high-performance liquid 
chromatography (HPLC) coupled with cyclic voltammetry.36 Recently, the 
decomposition pathways of glycerol on Pt(111) has also been examined using 
DFT calculation.37 However, there is still lack of unanimous conformational 
mechanism for the electrooxidation of glycerol on the surface of catalysts in 
either acidic or alkaline solution, which could provide fundamental 
information on the rational design of nanomaterials specific for GOR. 
(c) Pt based electrocatalysts in acidic electrolyte 
The resemblance between mechanisms for different alcohol oxidation 
reactions determines the similarity between electrocatalysts for different 
DAFCs. In other words, the principle of bifunctional mechanism and ligand 
effect can also be applied in the development of Pt based multimetallic 
electrocatalysts for GOR. However, it is worth pointing out that, in contrast 
to the case of EOR, the scission of C-C bond is not deliberately required to 
achieve high fuel efficiency for GOR, although it is still highly preferred. 
Therefore, it is more convenient and practical to evaluate the performance of 
materials for GOR according to intuitive and apparent parameters, namely 
onset potential (Eonset) or the position of the forward anodic peak (Ef), forward 
anodic peak current density (If), and the ratio between the forward anodic 
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peak current density to the backward anodic peak current density (If/Ib), 
which reflect the catalytic activity, the maximum performance, and the 
tolerance towards the adsorbed carbonaceous intermediate(s), respectively, of 
the electrocatalyst. Recently, carbon-supported PtRuSn ternary catalyst for 
the electrooxidation of glycerol in acidic electrolyte was synthesized using a 
colloidal method combined with a freeze-drying procedure.38 Compared with 
Pt/C and PtRu/C, the as-prepared PtRuSn/C exhibited the lowest Eonset, 
highest If, and largest If/Ib for GOR although the particular function of Ru or 
Sn remains a mystery. 
(d) Noble metal based electrocatalysts in alkaline electrolyte 
In the context of the alkaline electrolyte, Lamy et al. has observed the more 
favorable kinetics of GOR in alkaline solution than that in acid on Pt 
electrode.33 Another study showed that Pt/C was able to more effectively 
promote GOR in terms of Eonset and If than Pd/C in alkaline electrolyte.26b, 39 
In addition, a remarkably enhanced catalytic activity of Pd/C with the 
addition of CeO2, NiO, Co3O4, or Mn3O4 in the catalysts has been observed.26b 
Among these metal oxides, NiO led to a 389% increased If, and Mn3O4 
resulted in a 100 mV decreased Eonset. However, the value of Eonset for Pt/C 
was still lower than those of metal oxide incorporated Pd/C. Another strategy 
to promote the catalytic performance of Pt or Pd for GOR in alkaline medium 
was to deposit a few amount of bismuth (Bi) on the surface of the noble 
metals.39 Besides the noticeably increased If, the as-prepared Pd0.9Bi0.1/C and 
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Pt0.9Bi0.1/C displayed 0.15 V and 0.2 V lowered Eonset than Pd/C and Pt/C, 
respectively. Recently, Xu et al. revealed the amazingly high performance of 
gold (Au) electrode in term of If for GOR in KOH compared to that Pt or Pd 
electrode.40 Moreover, the electrooxidation of glycerol was exhilaratingly 
favorable on Au electrode in alkaline medium compared to any other alcoholic 
fuels such as methanol, ethanol, n-propanol, isopropanol, and ethylene glycol, 
which substantiates the functionality of Au and the applicability of glycerol 
in DAFCs. 
1.3 Platinum based electrocatalysts for oxygen reduction reaction 
Platinum (Pt) is the most widely involved element in fuel cells, especially as 
the cathode catalyst. However, the notoriously volatile price of Pt 
tremendously embarrasses the popularization of fuel cells. For example, just 
the cost of Pt in a PEM hydrogen fuel cell for a 100 kW (134 hp) vehicle is 
higher than the cost of an entire 100 kW gasoline engine.41 In addition, Pt is 
vulnerable to poisoning species such as carbon monoxide (CO) and inclement 
operational condition such as high voltage, causing the inevitable decrease of 
the lifetime of fuel cells. To make it more competitive in automobile 
applications, a fuel cell system needs to achieve the price of $30 per kilowatt 
and the lifespan of 5,000 hours.42 Therefore, the cost and durability of 
electrocatalysts constitute the major challenges in the current fuel cell 
technology. 
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Commercially available Pt catalysts (ETEK, Johnson-Matthey, Sigma-
Aldrich, etc.) include the fine powder of Pt (Pt black) and high surface area 
carbon-supported Pt nanoparticles (Pt/C). Pt black increases the surface area 
by downscaling the particle size of the catalyst (20 nm or larger), thus 
harvesting improved utilization efficiency compared to bulk Pt. For Pt/C, the 
incorporation of activated carbon support further increases the surface area 
by providing anchoring sites for the catalyst which effectively retards the 
aggregation of Pt nanoparticles (5 nm or less).4 However, neither Pt black nor 
Pt/C could meet the requirement ($30/kW and 5000 hours) set by U.S. 
Department of Energy (DOE). Scientists and engineers still confront a 
further reduction of Pt loading on the cathode by a factor of 20 with 
ameliorated durability.42 In the pursuit of achieving this ambitious objective, 
Pt black and Pt/C often serve as the benchmark to evaluate the performance 
of newly developed electrocatalysts.43 
1.3.1 Oxygen reduction reaction 
Before moving to the cathode catalysts in fuel cells, we will first discuss the 
reaction that they catalyze. Oxygen or air is preponderantly used as the 
cathode fuel due to its abundant existence. Therefore, the oxygen reduction 
reaction (ORR) has been intensively studied, which can benefit almost all 
types of fuel cells.44 
(a) Reaction pathway 
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The reaction process of ORR can be described by either a “direct” 4-electron 
pathway or a “series” 2-electron process.45 In acidic medium: 
                                𝑂! + 4𝐻! + 4𝑒! → 2𝐻!𝑂                    𝐸! = 1.229  𝑉                      (1-8a) 
or 
                                              𝑂! + 2𝐻! + 2𝑒! → 𝐻!𝑂!                                     (1-8b) 
                                            𝐻!𝑂! + 2𝐻! + 2𝑒! → 2𝐻!𝑂                                  (1-8c) 
In alkaline medium: 
                               𝑂! + 2𝐻!𝑂 + 4𝑒! → 4𝑂𝐻!                    𝐸! = 0.40  𝑉                      (1-9a) 
or 
                                        𝑂! + 𝐻!𝑂 + 2𝑒! → 𝐻𝑂!! + 𝑂𝐻!                               (1-9b) 
                                           𝐻𝑂!! + 𝐻!𝑂 + 2𝑒! → 3𝑂𝐻!                                  (1-9c) 
(b) Average electron transfer number 
The 4-electron pathway is apparently more favorable due to its higher 
efficiency. The average electron number (n) for a certain ORR can be 
determined by rotating ring-disk electrode (RRDE) method: 
                                      𝑛′ = 4𝐼! 𝐼! + 𝐼! 𝑁                                        (1-10) 
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where ID is the disk current due to the electron transfer to oxygen on the disk 
electrode (equation 1-8ab and 1-9ab). In other words, 𝐼! = 𝐼!!! + 𝐼!!!. IR is the 
ring current resulting from the further reduction of H2O2 or HO2- on the ring 
electrode (equation 1-8c and 1-9c). N is the collection efficiency that is only 
related to the dimension of RRDE. 
(c) Kinetic current 
Another parameter of interest in the study of ORR is the kinetic current (ik) 
defined by:46 
                                                   𝑖! = 𝑛𝐹𝐴𝑘! 𝐸 𝐶!                                           (1-11) 
where n is the overall electron transfer number; F is the Faraday constant; A 
is the area of electrode; kf(E) is the rate constant; CO is the concentration of 
the dissolved O2. ik is simply associate with kf(E) and thus, reflects the 
catalytic ability of the electrocatalyst in a particular system. ik can be 
determined by rotating disk electrode (RDE) method according to the 
Koutecky – Levich equation: 
                                                  1 𝑖 = 1 𝑖! + 1 𝑖!"#                                        (1-12) 
where i is the disk current determined directly on the polarization curve (i vs. 
E) from RDE experiment; ilev is the Levich current (also known as the 
diffusion-limiting current, il)) which can be expressed by the Levich equation: 
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                                       𝑖!"# = 0.62𝑛𝐹𝐴𝐷!! !𝜈!! !𝐶!𝜔! !                              (1-13) 
where Do is the diffusion coefficient of O2; ν is the kinematic viscosity of the 
electrolyte; ω is the rotation speed of RDE in the unit of rpm. In a particular 
system, all parameters except ω in equation 1-13 are constant. Therefore, the 
value of ik can be obtained from the intercept in the plot of 1/i vs. 1/ω1/2 in the 
combination of equation 1-12 and 1-13. A simpler way to calculate ik is the 
direct application of equation 1-12 at only one rotation speed with i and il 
obtained from the corresponding polarization curve. 
(d) Electrochemical surface area 
The interpolated or calculated ik is usually expressed in terms of mass 
activity (kinetic current normalized by mass loading) and specific activity 
(kinetic current normalized by electrochemical surface area), which reflect 
the utilization efficiency and the intrinsic activity of Pt, respectively. In order 
to obtain the electrochemical surface area (ECSA), cyclic voltammetry (CV) of 
the catalyst of interest should be carried out in an O2-free electrolyte. The 
ECSA of the catalyst can then be derived by measuring the charge (Q) 
associated with the adsorption and desorption of hydrogen after double layer 
correction in the hydrogen adsorption/desorption region. The ECSA (cm2/mg) 
can be calculated by the following equation: 
                                                𝐸𝐶𝑆𝐴 = !.!∙!!∙!! = !.!∙!!!∙!!∙!                                        (1-14) 
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where m is the loading of Pt (mg/cm2); qH is the adsorption charge of a 
monolayer hydrogen on the Pt surface which as been estimated to be 0.21 
mC/cm2; AH is the area of the hydrogen adsorption/desorption region after 
double layer correction on the cyclic voltammogram (mAV/cm2); s is the scan 
rate of the CV (V/s). 
1.3.2 Decreasing cost 
The cost issue could be circumvented by either scientifically enhancing the 
catalytic ability of a certain amount of Pt, or engineeringly reducing the Pt 
loading without the compromise of its catalytic ability, or, ideally, both. 
(a) Increasing activity – crystallographic control 
ORR relies heavily on the crystallographic orientation of the Pt surface. For 
example, in non-adsorbing electrolyte such as perchloric acid (HClO4), the 
order of the catalytic ability of low-index, single-crystal Pt(hkl) for ORR at 
room temperature follows:47 
                                         𝑃𝑡 110 > 𝑃𝑡 111 > 𝑃𝑡 100                               (1-15a) 
which is in consistence with the strength of interaction between O2 and 
Pt(hkl). Whereas in adsorbing electrolyte such as sulfuric acid (H2SO4), the 
order follows:48 
                                         𝑃𝑡 110 > 𝑃𝑡 100 > 𝑃𝑡 111                               (1-15b) 
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which originates from the sensitivity of Pt(hkl) to the adsorbing anion (SO42- 
or HSO4-) and the corresponding inhibiting effect on O2 adsorption. Deducing 
from crystallographically oriented surface of electrode, this theory can also be 
applied in Pt nanoparticles towards the development of electrocatalysts for 
ORR. For example, Sun et al. have demonstrated that, in H2SO4, the specific 
activity for ORR of Pt nanocubes enclosed by (111) facet was 4 times higher 
than that of truncated Pt nanocubes bounded by (100) and (111) facets which 
resembles the crystallographic structure of Pt on Pt/C.49 However, it is worth 
pointing out that the ORR catalytic activity of the low-index Pt(hkl) in H2SO4 
is significantly lower than that of the same facet in HClO4 due to the 
inhibition of the adsorbing species. Therefore, non-adsorbing HClO4 is 
commonly used as the electrolyte in ORR. High-index facet is believed to 
have higher reactivity due to its larger number of active sites from atomic 
steps, edges, and kinks ready for breaking down chemical bonds.21 Xia et al. 
reported the substantially enhanced specific activity for ORR of Pt concave 
nanocubes enclosed by (510), (720), and (830) facets in HClO4 in comparison 
with Pt nanocubes, Pt cuboctahedra, and commercial Pt/C.50 
(b) Increasing activity – helping hand from a second metal 
Pt alone has a very limited potential to dramatically increase the mass 
activity for ORR due to the low utilization efficiency of Pt, which is of primary 
concern in development of fuel cell catalysts. The surface atoms account for 
only 32.5% of all Pt on a 5-nm nanocube (the diameter of a single Pt atom is 
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0.27 nm). This problem can be effectively alleviated by incorporating another 
metal in the catalyst. For instance, Xia et al. ingeniously designed Pd-Pt 
bimetallic nanodendritic nanomaterials for ORR, characterized by both low 
Pt loading and high catalytic activity.51 Pd truncated octahedra guided the 
epitaxial growth of Pt. The Pd-supported Pt branches with an average 
diameter of 3 nm were bounded mostly by (111) with the coexistence of (110) 
and high-index (311) facets. Compared to Pt/C, the Pd-Pt nanodendrites 
showed a 2.5-fold enhanced mass activity for ORR. Pd, herein, undertook an 
idle but indispensable role as the core in the electrocatalyst. 
This much the second metal does and more. The exemplary work by 
Stamenkovic et al. reveals that a helping hand from the second component 
can radically enhance the catalytic ability of Pt for ORR by modifying the 
surface electronic structure and atomic arrangement.52 Well-characterized 
Pt3Ni(100), Pt3Ni(110), and Pt3Ni(111) alloy single-crystal electrode surfaces 
were prepared by ultrahigh vacuum (UHV) method. The surface compositions 
for all three Pt3Ni(hkl) electrodes were similar with 100% Pt atoms on the 
first layer (Pt skin) and 48% on the second in contrast to the nominally 75% 
for the bulk alloy. The direct consequence of this segregation-driven near-
surface compositional change is the distinctive electronic properties of 
Pt3Ni(hkl). The positions of d-band center were structure-sensitive and 
determined to be -3.14 eV for Pt3Ni(100), -2.70 eV for Pt3Ni(110), and -3.10 eV 
for Pt3Ni(111), all of which were remarkably smaller than the corresponding 
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value for Pt(hkl). The negative shift of the d-band centers resulted in the 
delayed onset of the adsorption of Hupd (underpotentially deposited hydrogen) 
and OHad (adsorbed hydroxyl species) accompanied by the reduced coverage 
of Hupd and OHad compared to the corresponding Pt(hkl). This observation, 
namely the electronic effect of the sub-surface Ni on the Pt-OH bonding, was 
also supported by theoretical calculation using density function theory (DFT). 
The authors also deduced the proportionality of the rate of ORR with 1− 𝜃!" !  (where x is a constant) on the basis of the multi-electron 
mechanism of ORR. This proposed expression predicted the synergy between 
surface geometry and surface electronic structure for ORR, which was 
verified experimentally as shown in Figure 1-3. Taking account into the 
extremely high activity per surface Pt atom, the proposed Pt3Ni (111) 
outperformed Pt/C by an unprecedented factor of 90! 
However, here comes the challenge that how to transform this highly 
active surface into practical nanocatalyst with well-defined crystallographic 
structure in the application of fuel cells. Recently, Fang et al. reported a wet 
chemistry based synthetic route to producing Pt3Ni nanooctahedra 
terminated exclusively with eight (111) facets.53 The average molar ratio of Pt 
to Ni as 3:1 was confirmed by inductively coupled plasma-mass spectrometry 
(ICP-MS) and energy-dispersive X-ray spectroscopy (EDXS), and the 
outermost layer was determined to be Pt skin which was also supported by 
Monte Carlo simulation. In HClO4, the mass activity of carbon supported 
CHAPTER 1 	  	  
	   32 
Pt3Ni nanooctahedra for ORR was 4 times higher than that of Pt/C given that 
the particle size of Pt3Ni is 3 times larger than that of Pt on the commercial 
catalyst. A further improved mass activity could be expected by decreasing 
the particle size. 
 
 
Figure 1-3. Influence of the surface morphology and electronic surface 
properties on the kinetics of ORR. RRDE measurements for ORR in 
HClO4 (0.1 M) at 333 K with 1600 revolutions per minute on Pt3Ni(hkl) 
surfaces as compared to the corresponding Pt(hkl) surfaces (a horizontal 
dashed gray line marks specific activity of polycrystalline Pt) are shown. 
Specific activity is given as a kinetic current density ik, measured at 0.9 V 
versus RHE. Values of d-band center position obtained from UPS spectra 
are listed for each surface morphology and compared between 
corresponding Pt3Ni(hkl) and Pt(hkl) surfaces.52 
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The stunning catalytic activity of Pt3Ni inspires scientists to search for 
other Pt3M alloy electrocatalysts for ORR. Stamenkovic et al. creatively 
generalized the effect of 3-d transition metals in Pt3M (M = Ti, V, Fe, Co, and 
Ni) for ORR in terms of the surface electronic structures of the resultant 
materials from experimental data, which exhibited “volcano-type” behavior as 
shown in Figure 1-4.54 As a rule of thumb, on one hand, the adsorption 
energy of Pt skin is lower (higher coverage) when the d-band center is closer 
to the Fermi level (less negative value). In this case, the rate of ORR is 
limited by the availability of vacant Pt sites. On the other hand, higher 
adsorption energy due to a more negative value of d-band center leads to 
attenuated adsorption of O2 and insufficient electron transfer to the adsorbed 
Figure 1-4. Relationships between experimentally measured specific 
activity for the ORR on Pt3M surfaces in 0.1M HClO4 at 333 K versus the 
d-band center position for the Pt-skin.54 
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O2. The most promising candidate could only stand out by counterbalancing 
the two opposite effects. Furthermore, NØrskov et al. extended the trend of 
the electrocatalysis of Pt3M to early transition metals (M = Sc, Ti, V, Cr, Mn, 
Fe, Co, Ni, Cu, Zn, Y, Nb, and Mo) according to the experimental data and 
the computational data from DFT, both of which are in good agreement with 
each other.55 
(c) Decreasing loading – Pt monolayer 
Pt-M bimetallic or alloying electrocatalysts have shown noticeable 
enhancement of the mass activity of Pt for ORR with the major contribution 
from “activity” and minor from “mass”. Therefore, fuel cell proponents have 
also been deliberately looking for feasible approach to lowering the usage of 
Pt without resorting to extravagant apparatus. In this regard, Adzic et al. 
have devised a cutting-edge technique for the monolayer (ML) deposition of 
Pt on the substrate of another metal or metal alloy, which promises to push 
the boundary of Pt loading in fuel cells to a theoretical minimum.56 Figure 1-5 
presents the overall procedure for the synthesis of Pt ML catalyst on an 
annealed bimetallic nanoparticle (step 1) although a monometallic support 
can also be employed. An adlayer of copper (Cu) serving as the sacrificial 
template was first coated on the surface of the core by underpotential 
deposition (step 2). Subsequently, PtML was deposited on the core via galvanic 
replacement reaction by simply exposing the Cu-coated nanoparticle to the 
solution of Pt precursor (e.g. K2PtCl4) (step 3). The PtML catalysts (supported 
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on carbon) have displayed exhilarative performance for ORR compared to 
commercial Pt/C, and 8-fold and 23-fold enhanced mass activity of Pt were 
achieved using PtML/Pd/C56b and PtML/AuNi10/C56a, respectively.  
 
Pt ML has also been deposited on well-defined, single-crystal metals as 
a monolayer to explore the unique physical and chemical properties of this 
class of electrocatalysts for ORR. The effect of the substrate was investigated 
by comparing PtML-coated metallic surfaces, namely Ru(0001), Rh(111), 
Pd(111), Ir(111), and Au (111), with Pt(111) surface, which fundamentally 
revealed the possibility of fine-tuning the electrocatalytic activity of Pt with 
an appropriate transition metal.57 Similar to the discussion above,54-55 the 
substrate-induced d-band center change of Pt plays a decisive role in the 
catalytic ability of PtML for ORR as corroborated by DFT calculation.58 The 
mechanism of ORR on Pt can be simplified as two steps: the dissociation of O2 
(O-O bond-breaking step) and the association of OHad (O-H bond-forming 
Figure 1-5. Model for the synthesis of Pt monolayer catalysts on non-
noble metal-noble metal core-shell nanoparticles.56a 
CHAPTER 1 	  	  
	   36 
step). A decent reaction rate for each step is a prerequisite to achieve the high 
activity of electrocatalysts. However, a catalyst that has a higher activity 
towards the bond-breaking step tends to have a lower activity towards the 
bond-forming step, and vice versa. The metallic substrate can be applied to 
rationally and effectively tune the d-band center position of Pt, which, in turn, 
can strike a balance between the two opposite factors. Among all candidates, 
PtML/Pd(111) was shown to give the highest kinetic current density for ORR 
which is even better than that of Pt(111). Adopting Pd(111) substrate, the 
same groups moved forward to study the influence of late-transition metal (M 
= Ru, Rh, Pd, Re, Os, Ir, (Pt), and Au) as a second component in the 
monolayer on the catalytic activity of PtML for ORR.59 It has been revealed 
that the site-blocking effect and the negative electronic effect resulting from 
the high coverage of OHad unequivocally inhibit ORR on Pt in HClO4.60 The 
nifty idea herein was to incorporate a second metal that possessed higher 
affinity with hydroxyl group. The preferentially adsorbed OHad on M at a 
lower potential would decrease the coverage of OHad on Pt due to the lateral 
repulsion from the pre-adsorbed OHad (or Oad) on the neighboring metal 
atoms (adsorbate-adsorbate repulsion). The repulsion of OHad-OHad (or OHad-
Oad for Re and Os) calculated by DFT was in the sequence of Os > Re > Ir > 
Ru > Rh > Pd, Pt > Au. A linear relationship between the repulsion value and 
the kinetic current density of (Pt0.8M0.2)ML/Pd(111) successfully corroborated 
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the function of the second metal with more than 4-times enhancement 
obtained from Os and Re relative to PtML/Pd(111). 
1.3.3 Improving durability 
The durability issue of cathode catalysts in fuel cells can be attributed to the 
gradual loss of ECSA of Pt under potentiostatic and/or cycling condition.61 
More often than not, the loss of ECSA is more severe in the stop-and-go 
process (cycling condition) than running at constant potential (potentiostatic 
condition) during car driving.62 In PEMFCs, Pt dissolution, Pt particle growth 
(aggregation and Ostwald ripening), and carbon corrosion account for the loss 
of ECSA with the first one playing a major role.5 The dissolution of Pt takes 
place through either a direct pathway:61 
                     𝑃𝑡 → 𝑃𝑡!! + 2𝑒!                𝐸! = 1.188+ 0.0295log   𝑃𝑡!!   𝑉             (1-16) 
or an indirect pathway involving the formation of platinum oxide. 
(a) Bimetallic nanoparticles 
This problem of Pt dissolution can be effectually mitigated by either covering 
or supporting Pt with a second metal (or metal alloy). The seminal work by 
Adzic et al. demonstrated the stabilizing effect of Au on Pt in the 
electrocatalysis of ORR.62 Au clusters were deposited on the surface of Pt 
nanoparticles with an average coverage of 33%. After cycling between 0.6 and 
1.1 V (vs. RHE) in HClO4 for 30,000 cycles, no appreciable ECSA loss was 
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recorded from Au/Pt/C whereas a 45% decrease of ECSA was observed from 
Pt/C. X-ray absorption near edge spectroscopy (XANES) evidenced that the 
increased oxidation potential in the presence of Au clusters accounts for this 
stabilization effect of Au on Pt. 
The same group also studied the durability of PtML from the assistance 
of an underlying Pd core.63 Besides downshifting the d-band center of Pt, Pd 
can significantly stabilize Pt through another mechanism. As a slightly more 
active metal than Pt, Pd could be directly dissolved to form Pd2+ diffusing into 
the electrolyte at lower potential (0.915 V) than Pt (1.188 V). The oxidization 
of Pd would minimize the further increase of potential on the cathode, and 
thus protect Pt from being oxidized. In addition, the dissolution of Pd made 
the PtML undergo a small contraction that further pulled the d-band center of 
Pt away from the Fermi level. In an extreme case after prolonged potential 
cycling, a Pd hollow particle would be produced in the core, which could 
further increase the stability of PtML as predicted by DFT calculation. The as-
prepared PtML/Pd/C still retained 77% and 81% of the original ECSA and 
mass activity, respectively, compared to 32% and 32% from Pt/C after 
sweeping between 0.7 and 0.9 V (vs. RHE) for 60,000 cycles. Amazingly, a 
further improvement of the durability could be achieved from 
PtML/Pd0.9Au0.1/C with conserving 70% mass activity after 200,000 cycles 
compared to 63% after 100,000 cycles from PtML/Pd/C. 
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As discussed before, Pt3M is a promising class of catalysts for ORR 
with superior catalytic abilities. The resultant “volcano plot” (activity vs. d-
band center) with regard to various M serves as a powerful tool as an 
experimental guideline for the rational design of new electrocatalysts. Along 
this direction, NØrskov et al. innovatively correlate the d-band centers of Pt 
in Pt3M that predicts the adsorption energy of O2 with the heat of formation 
of Pt3M that governs the stability of the catalysts55 which ultimately results 
in a 3-dimensioanl (3-D) “volcano plot” (Figure 1-6) for screening Pt3M 
electrocatalysts with both high activity and good stability. Although the plot 
Figure 1-6. A 3-dimensional ‘volcano’ scheme of metal-alloy catalysts. 
The stability of the alloy systems is estimated through their heat of 
formation.3 
CHAPTER 1 	  	  
	   40 
was on the basis of DFT calculation, proof-of-concept experiments were also 
conducted to confirm the validity of the theory. Two traditionally overlooked 
cathode catalysts, Pt3Y and Pt3Sc, prepared in bulk, polycrystalline form 
have shown dramatically enhanced activity and durability in comparison 
with pure Pt. 
(b) Supportless, 1-D nanomaterials 
The carbon support in the form of high surface area carbon black such as 
Vulcan XC 72R provides anchoring sites and electrical contacts for Pt 
nanoparticles, preventing them from aggregation driven by the minimization 
of surface energy and connecting them with the electrode. The corrosion 
reaction can be expressed as:61 
                           𝐶 + 2𝐻!𝑂 → 𝐶𝑂! + 4𝐻! + 4𝑒!                𝐸! = 0.207  𝑉                   (1-17) 
This reaction is thermodynamically favorable due to the high operating 
potential on the cathode and kinetically unfavorable due to the high 
activation energy and low operating temperature. Nevertheless, this reaction 
rate still cannot be neglected, leading to the corrosion of carbon support 
which causes the deterioration of the durability of Pt. Recently, carbon 
nanotube (CNT) based supporting materials have shown enhanced durability 
in comparison with carbon black for PEMFCs.4, 64 Nevertheless, the relatively 
high price of CNTs under current technology makes it less competitive than 
the conventional carbon black support. Motivation from the advantage per se 
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associated with CNTs, namely high surface area and improved mass 
transport, opens up opportunities to exploit the wonder of 1-D nanomaterials 
as the electrode catalysts in PEMFCs. 
Towards the development of a new generation of electrocatalysts for 
fuel cells, Yan et al. reported the supportless, hollow Pt nanotubes (NT) with 
the length of 50 µm, diameter of 50 nm, and a wall thickness of 4-7 nm.65 The 
high aspect ratio (l/d = 1000) made it less susceptible to the dissolution and 
growth of Pt, and the exclusion of support avoided the problem of carbon 
corrosion. As expected, the as-prepared Pt NTs displayed a 8-fold ameliorated 
durability compared to 0-D Pt/C after 1,000 cycles running between 0 and 1.3 
V (vs. RHE) in H2SO4. It is worth mentioning that the Pt NTs have to 
eventually be dispersed onto a certain type of carbon backing such as carbon 
cloth and carbon paper in order to be applied in PEMFCs. A more radical 
design of the cathode catalyst could be realized by even eliminating such 
carbon backing. Yu et al. described a promising method to synthesize free-
standing Pt nanowire (NW) membrane composed of 1-D Pt nanowires with an 
average diameter of 12 nm.66 After the durability test between 0 and 1.2 V (vs. 
RHE) in H2SO4 for 3,000 cycles, the free-standing Pt NW membrane lost only 
18% ECSA while Pt black and Pt/C decreased 61% and 95%, respectively. A 
direct observation to account for the remarkable durability of Pt NWs was 
their structural stability after cycling whereas the Pt particles with 
decreased amount and increased size for both Pt black and Pt/C as confirmed 
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by scanning electron microscopy. Moreover, an aesthetic and practical 
extension of the 1-D nanowires was accomplished by Rauber et al.16 A 
supportless, highly ordered, 3-D Pt networks with controllable architecture 
consisted of interconnected, 1-D nanowires (diameter of 15 nm) were 
produced through a template based electrodepostion process. In contrast to Pt 
black or Pt/C, the 3-D Pt networks possessed a consistently large ECSA even 
at a very high loading of Pt. This free-standing electrocatalyst also survived 
the durability test (0 – 1.3 V vs. RHE, 500 cycles, H2SO4) with retaining 93% 
original ECSA compared to the 71% and 57% for Pt black and Pt/C, 
respectively. 
1.4 Principle and motivation 
Fuel cells have been one of the most popular research areas in the world due 
to the urgent need of renewable energy. More specifically, DAFCs have 
shown the most pertinent properties for the application of portable electronic 
devices. On the basis of my personal interest and background of expertise, 
this dissertation will concentrate on the study of noble-metal based anode 
and cathode electrocatalysts in DAFCs.  
1.4.1 What have we learned 
The overwhelming amount of publications about anode and cathode catalysts 
for DAFCs, especially in the recent 20 years, makes it impossible to search 
every corner in this field. Sections 1.2 and 1.3, to the best of my ability, 
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comprehensively covering the milestone achievement in the corresponding 
area, have elucidated the principle of the rational catalyst design for AOR 
and ORR, respectively. The most important points serving as the guideline 
for this dissertation will be summarized as follows. 
(a) Anode 
• As the most promising fuel with high energy density, negligible 
toxicity, and low cost, ethanol has been attractive widespread attention 
as a new generation of energy source. Moreover, the application of 
glycerol as the power source is even more attractive due to its 
unparalleled price advantage. 
• The catalytic activity of Pt towards alcohol oxidation reaction can be 
greatly improved with the incorporation of a second metal via the 
bifunctional mechanism and the ligand effect. 
• The morphological control has shown to be able to benefit the catalytic 
performance of monometallic noble metals. Particularly, 1-D 
nanomaterials outperform the 0-D counterpart in both MOR and EOR. 
• The alcohol oxidation reaction in alkaline electrolyte has exhibited 
greatly improved kinetics compared to that in acidic electrolyte. 
Moreover, Pd has shown superior catalytic activity to Pt towards a 
wide range of alcoholic compounds in alkaline medium. 
(b) Cathode 
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• Increased catalyst activity can be achieved by the modification of the d-
band center position of Pt using another transition metal, which 
fundamentally enhance the intrinsic activity of Pt from the atomic 
level. The selection of the second transition metal can be referred to 
the volcano curve. 
• Decreased catalyst loading can be achieved by the deposition/formation 
of a monolayer of Pt on the surface of the electrocatalysts, which 
pushes forward the utilization efficiency of Pt to the uttermost. 
• Ameliorated catalyst durability can be achieved by the adoption of 
supportless, 1-D nanomaterials, which not only alleviates the 
dissolution and aggregation of Pt, but also eliminates the possibility of 
carbon corrosion. 
1.4.2 How can we improve 
Noble metal based composite nanomaterials have shown great promise as 
anode and cathode catalysts in application of DAFCs. However, there still 
exists the gap between the theoretically favorable catalysts and the cost-
effective materials with all the favorable properties from mass production. To 
meet this challenge consists of the primary motivation behind this 
dissertation. The overall procedure for the material preparation must be 
economically efficient and environmentally friendly which does not rely on 
any sophisticated apparatus. The usage of toxic compounds is very limited. 
Elevated temperature is not required in the material preparation. The 
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developed preparation procedure should be easily scaled up and suitable for 
mass production. 
It has been shown that free-standing electrode materials are highly 
desirable in the application of DAFCs in terms of the efficient mass transfer, 
the improved durability, and above all, the readily integration into MEA. 
However, there is still a lack of efficient fabrication method for the 
electrocatalysts in this category, particularly in the field of anode catalysts. 
With this motive in mind, herein, we will not only demonstrate the facile 
synthesis of Pd based, 1-D, free-standing catalyst electrodes, but also explore 
the kinetic of EOR and GOR in KOH catalyzed by on them. This objective fits 
well into the combinatorial advantage in the development of anode catalysts 
for DAFCs. 
In the context of cathode catalysts, it has been shown that improved 
catalytic activity of Pt can be harvested from the addition of a second metal 
and ameliorated durability can be achieved from 1-D nanotubular structure 
for monometallic Pt materials. Therefore, it is naturally to raise this question: 
whether it is possible to combine these two merits into one catalyst. In other 
words, the as-prepared materials should have high intrinsic activity 
attributed to the composition and excellent durability ascribed to the 
morphology. In addition, a robust and versatile preparation procedure will 
provide a value platform for the systematic investigation of Pt based 
electrocatalysts in this class with different alloyed metal towards ORR. 
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Inspired by this ideal picture, we carried out the proof-of-concept research on 
the synthesis of PtCu nanotubular catalysts, and furthermore, intensively 
characterized the morphological, structural, and electrochemical properties of 
this electrocatalyst for ORR. 
1.5 Organization of the dissertation 
On the basis of the discussion above, this dissertation is generally divided 
into two parts: alcohol oxidation reaction (chapter 2 and 3) and oxygen 
reduction reaction (chapter 4, 5, and 6). 
Chapter 2 presents the successful preparation of free-standing Pd 
electrode on an organic support. The application of the as-prepared electrode 
in DAFCs is demonstrated for EOR in alkaline electrolyte. The catalytic 
performance of the free-standing electrode and the mechanistic study of EOR 
are thoroughly discussed. 
Inheriting the general synthesis idea from chapter 2, chapter 3 
describes the synthesis of free-standing Pd electrode on inorganic support. 
The preparation parameters are optimized in terms of the best morphology of 
the deposited layer of Pd. The as-prepared electrode is applied to catalyze 
GOR in alkaline solution. 
Chapter 4 serves as the transition part between the preceding and 
the following chapters. Towards the fabrication of free-standing Pt electrode 
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for ORR, in this chapter, the proposed synthetic route is described. 
Nevertheless, it turns out that the as-prepared materials cannot meet the 
requirement for ORR catalyst. The unexpected problems associated with the 
catalytic dilemma and the corresponding solutions are discussed. 
Aiming at the accomplishment of the unfinished task on Pt based 
electrocatalyst, chapter 5 reports the exhilarating results for the 
preparation of rationally designed, PtCu nanotubes by adopting a modified 
synthetic procedure from chapter 4. The materials characterization and the 
electrocatalytic performance of the as-prepared 1-D nanomaterials are 
intensively investigated along with the corresponding control of the 0-D 
counterparts. The generalization of this synthetic route is also discussed. 
Notwithstanding the superior catalytic performance from chapter 5, 
the as-prepared material is not free-standing. Therefore, chapter 6 explores 
the possibility for the fabrication of free-standing Pt catalysts towards ORR. 
A promising synthetic route using electrodeposition is attempted and the 
application of the as-prepared catalyst in ORR is demonstrated. 
Chapter 7 provides a brief summarization for this dissertation 
followed by an outlook for the future trend in the development of 
electrocatalysts in DAFCs.   
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Chapter 2 
Free-Standing Palladium/Polyamide 6 Nanofibers for 
Electrooxidation of Alcohols in Alkaline Medium 
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2.1 Motivation and objective 
Free-standing anode electrodes have shown to be highly desirable in the 
application of direct alcohol fuel cells in terms of excellent mechanical 
stability, high catalyst loading, and good operational durability. 
Furthermore, the free-standing catalyst membrane will greatly simplify the 
fabrication procedure of the membrane electrode assembly. However, there is 
still a lack of robust and versatile method for the preparation of free-standing 
electrode. In terms of the catalyst, palladium has shown to be advantageous 
to platinum in the electrocatalysis of ethanol in alkaline electrolyte. However, 
the detailed reaction mechanism of Pd-EOR-base system is still not as clear 
as that Pt-EOR-acid system. Furthermore, there is almost no study 
concerning Pd catalyzed EOR on free-standing electrode. 
In this chapter, palladium/polyamide 6 (Pd/PA6) nanofibers with high 
surface area will be prepared by an electrospinning – electroless plating 
procedure. The material characterization of the as-prepared materials will be 
performed by FESEM and XRD. The catalytic performance of the as-prepared 
Pd/PA6 nanofibers will be examined towards alcohol oxidation reactions in 
alkaline medium without resorting to any conductive support. The influence 
of reactant (ethanol and KOH) concentration on the kinetics of EOR will be 
systematically studied, and a quantitative analysis in this regard will be 
discussed. In addition, the applicability of the free-standing electrode towards 
the electrooxidation of methanol and isopropanol will also be demonstrated.  
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2.2 Experimental  
2.2.1 Chemicals and reagents 
Polyamide 6 (PA6), formic acid, palladium(II) chloride, hydrazine, ethanol, 
and isopropanol were purchased from Sigma-Aldrich, Inc., USA. Stannous 
chloride, Na2EDTA, hydrochloric acid (37 wt.%), ammonium hydroxide (28 
wt.%), potassium hydroxide (KOH), and methanol were bought from Fisher 
Scientific, Inc., USA. All the solutions were prepared with deionized water 
(18.2 MΩ) and purged with ultrahigh purity nitrogen (Airgas, USA) before 
the experiments. 
2.2.2 Preparation of Pd/PA6 nanofibrous membrane 
Electrospinning technique was applied for the fabrication of PA6 template. 
Briefly, An amount of 20 wt.% PA6 in formic acid was prepared, electrospun 
using a 19 gauge needle with a flow rate of 0.3 mL/h at an applied potential 
of 18 kV, and collected on an aluminum foil with a collection distance of 10 
cm. After 30 min electrospinning, a relatively thick PA6 nanofibrous 
membrane was obtained and then peeled off from aluminum foil for the 
electroless plating of palladium. 
The deposition of Pd onto PA6 template was accomplished by 
electroless plating technique. Briefly, the PA6 nanofibrous template was first 
sensitized and activated in SnCl2 (1 g/L) and PdCl2 (0.25 g/L) acidic solutions 
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sequentially, and the procedure was repeated three times. A redox reaction 
occurs in which surface-adsorbed Sn2+ is oxidized to Sn4+ and Pd2+ is reduced 
to form Pd nuclei. The activated PA6 template was then immersed into 5 mL 
of electroless plating solution that consists of PdCl2 (15 mM), Na2EDTA (0.11 
M), and NH3H2O (3.17 M). With the addition of hydrazine (reducing agent) 
to a final concentration of 11 mM in the aforementioned solution, the Pd 
precursor was reduced and deposited on the activated template surface. After 
2 h of electroless plating, Pd-coated PA6 nanofibers were formed, rinsed with 
deionized water, and dried at room temperature. 
2.2.3 Characterization 
A JEOL 6335F field emission scanning electron microscope (FESEM) and 
energy-dispersive X-ray spectrometer (EDXS) were employed to examine the 
morphology and the elements of the as-prepared nanofibers. The average 
diameter of Pd/PA6 nanofibers and the size distribution were calculated 
using 50 randomly chosen nanofibers in the SEM image. The thickness of the 
Pd layer was estimated by the difference between the average radius of 
nanofibers before and after Pd deposition. An X-ray diffraction (XRD) pattern 
was collected using Cu Kα radiation on a diffractometer. 
2.2.4 Electrochemical measurements 
The investigation of alcohol oxidation was carried out using a homemade 
plate material evaluating three-electrode cell (Figure 2-1) connected to a 
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CHI601C electrochemical workstation (CH Instruments, USA) at room 
temperature. The free-standing Pd/PA6 nanofibers were applied as the 
working electrode, while a platinum wire and a Hg/HgO (MMO, 1.0 M KOH, 
0.098 V vs. RHE) electrode were used as the counter and reference electrode, 
respectively. All of the electrochemical experiments were performed under a 
nitrogen environment. 
  
2.3 Results and discussion 
2.3.1 Materials characterization 
Electrospinning is a straightforward and versatile technique to produce 
continuous polymer nanofibers with a large surface-to-volume ratio.1 In this 
research, PA6 is chosen to prepare the nanofibrous membrane that serves as 
Figure 2-1.  Schematic illustration of the experimental setup to test the 
free-standing electrode using a home-made membrane evaluating cell. 
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the template for electroless plating due to its excellent chemical stability and 
outstanding mechanical strength.2 Figure 2-2A shows a typical SEM image of 
the electrospun PA6 nanofibrous membrane. The surface of PA6 nanofibers is 
smooth with an average diameter of 152 nm. After sensitization and 
activation by SnCl2 and PdCl2, respectively, the color of the PA6 nanofibrous 
membrane changed from white to brown, indicating the formation of Pd 
nuclei on the surface of PA6 nanofibers. The activated PA6 nanofibrous 
template was then transferred to a Pd electroless plating solution. Upon the 
addition of the reducing agent hydrazine, the palladium deposition on PA6 
nanofibers was triggered according to the following chemical reaction： 
        2𝑃𝑑 𝑁𝐻! !! + 𝑁!𝐻! + 4𝑂𝐻! → 2𝑃𝑑 + 2𝑁𝐻! + 𝑁! + 4𝐻!𝑂                (1) 
Figure 2-2B and C shows typical SEM images of the as-prepared 
Pd/PA6 nanofibers with different magnification. The average diameter of the 
Pd/PA6 nanofibers is ca. 322 nm, and the size distribution is presented in the 
inset of Figure 2-2B. As the average diameter of the PA6 nanofibrous 
template is ca. 152 nm, the thickness of the coated Pd layer is calculated to be 
ca. 85 nm. In contrast to the smooth surface of the PA6 nanofibrous template, 
the synthesized Pd/PA6 nanofibers had a rough grainy surface that was 
clearly observed in the SEM images (Figure 2-2B and C), reflecting the fact 
that Pd deposition grows from the nuclei during the electroless plating 
process. The successful coating of Pd on PA6 nanofibers was also confirmed 
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by EDXS spectrum analysis. As shown in Figure 2-2D, only the Pd element 
was detected by EDXS, which can be attributed to the full coverage of the Pd 
layer on the surface of PA6 nanofibers. 
  
Figure 2-2. SEM images of PA6 template (A), Pd/PA6 nanofibers with 
low (B) and high magnification (C), and EDXS of Pd/PA6 nanofibers (D). 
The insets in Figure 1A and B are a typical SEM image of PA6 with higher 
magnification and the diameter size distribution of Pd/PA6 nanofibers. 
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The crystal structure of the coated Pd layer was further characterized 
by XRD, and the pattern is presented in Figure 2-3. The diffraction peaks 
located at 2θ values of 40.15°, 46.70°, 68.18°, 82.18°, and 86.70° are assigned 
to the (111), (200), (220), (311), and (222) facets of Pd (JCPDS card 46-1043), 
respectively, which demonstrate a typical face-centered cubic (fcc) crystalline 
structure. More interestingly, the as-prepared Pd/PA6 nanofibers inherit the 
excellent mechanical strength of PA6 and superior conductivity of metallic 
Pd, endowing the Pd/PA6 nanofibers with free-standing capability, 
mechanical stability, excellent conductivity, and high porosity. Bending, 
folding, or twisting of the as-prepared Pd/PA6 nanofibrous membrane would 
not destroy its morphology or conductivity, making it an excellent 
electrocatalytic material in the application of ethanol electrooxidation. 
 
Figure 2-3. XRD pattern of Pd/PA6 nanofibers. 
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2.3.2 Electrooxidation of ethanol 
(a) Mechanism of EOR 
Figure 2-4 shows the typical cyclic voltammogram for the electrooxidation of 
0.1 M ethanol in 0.6 M KOH solution with the as-prepared free-standing 
Pd/PA6 nanofibrous working electrode. The potential was scanned from -1.0 
to 0.5 V at a sweep rate of 50 mV/s. As shown in the figure, the ethanol 
oxidation starts at -0.772 V (vs. MMO), and a current peak centered at -0.059 
V (vs. MMO) is observed during the forward scan while a peak centered at -
0.265 V (vs. MMO) is presented during the backward scan. The well-defined 
forward and backward scan peaks indicate the formation of the absorbed 
hydroxyl and acetyl group on the active sites of Pd3 and the removal of the 
surplus carbonaceous species which were formed during the forward scan,4 
respectively. As a comparison, no obvious oxidation peak can be observed in 
0.6 M KOH solution in the absence of ethanol. According to following 
reactions proposed by Liu et al.3a and Liang et al.3b: 
                              𝑃𝑑 + 𝑂𝐻! ↔ 𝑃𝑑 𝑂𝐻 !"# + 𝑒!                                       (I) 
        𝑃𝑑 + 𝐶𝐻!𝐶𝐻!𝑂𝐻 + 3𝑂𝐻! ↔ 𝑃𝑑 𝐶𝐻!𝐶𝑂 !"# + 3𝐻!𝑂 + 3𝑒!               (II) 
                𝑃𝑑 𝑂𝐻 !"# + 𝑃𝑑 𝐶𝐻!𝐶𝑂 !"# → 𝐶𝐻!𝐶𝑂𝑂𝐻 + 2𝑃𝑑                     (III) 
                        𝐶𝐻!𝐶𝑂𝑂𝐻 + 𝑂𝐻! → 𝐶𝐻!𝐶𝑂𝑂! + 𝐻!𝑂                              (IV) 
a simplified expression with regard to current density can be derived from 
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the rate-determining step (III) (rds): 
                              𝑗 = 𝑘 ∙ 𝜃!" !" !"# ∙ 𝜃!" !"!!" !"#                                     (2) 
where k is the rate constant; 𝜃!" !" !"# and 𝜃!" !"!!" !"# are the coverage of 
the adsorbed hydroxyl and acetyl group, respectively. One can see that 
ethanol and OH- concentrations have great effects on the electrooxidation of 
ethanol in terms of anodic current density and peak potential. Therefore, the 
experiments were conducted to investigate the effect of ethanol and KOH on 
EOR. 
 
 
(b) Ethanol concentration dependent 
Figure 2-5 shows the effect of ethanol concentration on electrooxidation of  
Figure 2-4. Cyclic voltammograms of 0.6 M KOH + 0.1 M ethanol and 0.6 
M KOH without ethanol (background) on a free-standing Pd/PA6 
nanofibrous working electrode at a scan rate of 50 mV/s. 
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ethanol in alkaline medium. KOH concentration was maintained at 0.6 M, 
and the ethanol concentration was varied from 0.05 to 0.2 M. As seen in 
Figure 2-5, the anodic peak current density during the forward scan increases 
with the ethanol concentrations examined, suggesting that the 
electrooxidation of ethanol shows concentration-dependent behavior and is 
not yet saturated under the investigated ethanol concentration range. The 
result is also in accordance with the proposed mechanism in equation I−IV. 
At low ethanol concentration, Pd active sites may not be fully covered, thus 
the peak current density is determined by 𝜃!" !" !"# and 𝜃!" !"!!" !"#. At the 
steady state, 𝜃!" !" !"# can be treated as a constant at a fixed concentration of 
KOH, while 𝜃!" !"!!" !"# is proportional to the concentration of ethanol to a 
Figure 2-5. Cyclic voltammograms of 0.6 M KOH solutions with different 
ethanol concentrations using a free-standing Pd/PA6 nanofibrous working 
electrode at a scan rate of 50 mV/s. 
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certain degree when ethanol concentration is low, resulting in the 
concentration-dependent anodic peak current density. In addition, a positive 
shift in peak potential is also observed as ethanol concentration increases, 
indicating that at a fixed KOH concentration of 0.6 M, the lower 
concentration of ethanol favors the electrooxidation of ethanol on the free-
standing Pd/PA6 nanofibrous electrode. 
  
Figure 2-6. Forward (A) and backward (B) scan peaks in cyclic 
voltammograms of 0.1 M ethanol alkaline solutions with different KOH 
concentrations on a free-standing Pd/PA6 nanofibrous working electrode 
at a scan rate of 50 mV/s. (C) The changes of peak current density and Ib/If 
value with the ratio of KOH concentration to ethanol concentration. (D) 
Peak potential as a function of CKOH/Cethanol. 
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(c) KOH concentration dependent 
Figure 2-6 shows the effect of KOH concentration on ethanol electrooxidation 
by fixing the ethanol concentration at 0.1 M and varying KOH concentration 
from 0.2 to 5 M. Figure 2-6A and B display the forward and backward scan of 
the cyclic voltammograms, respectively, and Figure 2-6C shows the 
corresponding relationship between KOH concentrations (equivalent to 
CKOH/Cethanol as ethanol concentration is fixed) and forward scan peak current 
density (jp) as well as the peak current ratio of the backward to forward scan 
(Ib/If). The jp and Ib/If are critical parameters to evaluate the performance of 
the catalyst in the electrooxidation of alcohols. Generally a higher jp value 
will provide a larger working current of the fuel cell, while a smaller Ib/If 
value indicates higher catalytic efficiency and better tolerance to the 
poisoning species arising from the formation of the carbonaceous 
intermediate on the catalyst during the reaction.5 From Figure 2-6C, one can 
see that the anodic peak current density increases with the increase of KOH 
concentration initially and then reaches a maximum value at 0.6 M KOH. 
Further increase of KOH concentration has an inverse effect on the current 
density. A similar trend was observed for Ib/If, and the maximum value was 
achieved at 1 M KOH. On the basis of equation I−IV and assuming that the 
adsorption−desorption steps are much faster than the surface reaction step 
(rds), the initial increase of KOH concentration could greatly facilitate the 
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adsorption of the hydroxide ion as well as ethanol on Pd active sites, 
resulting in the increase of both 𝜃!" !" !"#  and 𝜃!" !"!!" !"# , and If 
accordingly. In addition, the formation rate of Pd(CH3CO)ads in equation II is 
much faster than its consumption rate in equation III (rds), leading to the 
increase of Ib as well. Nevertheless, the increase of Ib is bigger than that of If, 
causing a net increase of Ib/If value. However, when the KOH concentration is 
too high, there is not a sufficient active site on the Pd surface, and further 
increase of KOH concentration results in the adsorption of OH- being 
dominant and hence reduces the coverage of the acetyl group, causing the 
decrease of both If and Ib but with a higher magnitude for the latter. 
Consequently, the value of Ib/If decreases. The result also indicates that there 
seems to be no difference between the active sites for ethanol and OH- on the 
surface of Pd, and their adsorptions follow a competitive mechanism when 
the available active sites are insufficient. Among all KOH concentrations 
investigated at the fixed ethanol concentration of 0.1 M, the highest (also 
worst) Ib/If value (0.55 at 1 M KOH) is still lower than reported elsewhere.5a 
The enhanced performance may be attributed to the large surface area, 
reduced diffusion resistance, good catalytic ability, and excellent poisoning 
tolerance of the free-standing Pd/PA6 nanofibrous catalyst. 
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Another remarkable phenomenon observed in Figure 2-6A is the 
negative shift of the peak position with the increase of KOH concentration, 
which suggests that at a fixed ethanol concentration of 0.1 M, the kinetics of 
ethanol oxidation in alkaline solution always favors higher KOH 
concentration.3 The value of the potential shift has been proposed to depend 
on the pH change in the solution. However, the peak shift on the free-
standing Pd/PA6 nanofibrous electrode can also be observed in Figure 2-5 
where the KOH concentration is kept constant. Therefore, combining the 
results from Figure 2-5 and Figure 2-6A, one can expect that for the 
developed free-standing Pd/PA6 nanofibrous electrode, the shift of peak 
potential seems to be determined by the ratio of KOH concentration to 
ethanol concentration instead of any individual one. Figure 2-6D gives the 
correlation between peak potential and the ratio of KOH concentration to 
ethanol concentration (CKOH/Cethanol) in the range from 1 to 50. The value of 
the peak potential shift was found to be proportional to the difference of the 
natural logarithm of CKOH/Cethanol. For the value of CKOH/Cethanol in the range 
Table 2-1. Comparison of peak potential between the experimental value 
and the predicted value at different CKOH/C ethanol. 
R
CKOH/CEthanol Mean value (V) σmean (V) Predicted value (V) Relative deviation
3 0.0544 0.00747 0.0529 2.76%
6 -0.0573 0.00425 -0.0564 1.52%
9 -0.1173 0.00217 -0.1204 2.59%
Peak Potential
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of 1 to 10, ΔEp = −0.1578 ln(R2/R1) with R
2 = 0.9990, while in the range of 10 
to 50, ΔEp = −0.0966 ln(R2/R1) with R
2 = 0.9999. 
To test the credibility of the regression equation, a series of 
experiments were conducted by fixing the value of CKOH/Cethanol while varying 
CKOH and Cethanol simultaneously. Figure 2-7 shows the relationships between 
peak potential and the ratio of KOH concentration to ethanol concentration. 
When CKOH/Cethanol was fixed, the forward scan anodic peaks appear in almost 
the same position with insignificant deviation. However, the peak potentials 
shift negatively with increasing CKOH/Cethanol values. The results support that 
the ratio instead of KOH concentration or ethanol concentration alone is the 
determining factor for the shift of peak potential on the as-prepared Pd/PA6 
nanofibers. It is hypothesized that at a fixed ratio, the spatial distribution of 
the reactants in the bulk solution and near the catalyst surface may follow a 
similar pattern, which provides the same possibility for either KOH or 
ethanol to access the active sites on Pd surface. Therefore, the 
electrooxidation of ethanol at a fixed CKOH/Cethanol value follows the same 
kinetics which results in the identical peak potential but with diverse peak 
current density. With the increase of CKOH/Cethanol value, the peak potential 
shifts negatively since a higher KOH to ethanol ratio will provide a greater 
possibility for KOH to access the active sites on the catalyst, which can 
facilitate the formation of both Pd-(CH3CO)ads and Pd-(OH)ads, thus improving  
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the kinetics of the ethanol oxidation. Equation Ep = −0.1578 ln(CKOH/Cethanol) 
+ 0.2263 for CKOH/Cethanol between 1 and 10 is applied to predict the peak 
potentials with different CKOH/Cethanol values ((CKOH/Cethanol) = 3, 6, 9) which 
are presented in Table 2-1. One can see that the predicted peak potential and 
the experimental value match very well with a small standard deviation of 
Figure 2-7. Cyclic voltammograms of alkaline ethanol solution with 
different concentrations at a fixed CKOH/Cethanol of 3 (A), 6 (B), and 9 (C) 
using a free-standing Pd/PA6 nanofibrous working electrode at a scan rate 
of 50 mV/s. (D) The change of peak current density with regard to ethanol 
concentration and CKOH/Cethanol value. 
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the mean and an insignificant relative deviation, validating the equation as 
well as the importance of the ratio in the determination of peak potential. 
Figure 2-7D is the 3-dimensional mesh plot of the previous three plots 
in Figure 2-7 and shows the changes of peak current density with respect to 
ethanol concentration as well as the ratio of KOH concentration to ethanol 
concentration. According to the mesh plot, the following results are obtained. 
First, at a fixed ratio under the tested concentrations, the adsorptions of 
CH3CO and OH are far from saturated. Therefore, higher concentrations of 
ethanol and KOH result in higher values of both 𝜃!" !" !"# and 𝜃!! !"!!" !"#, 
thus a higher current density. Second, when the ethanol concentration is low 
and kept constant, a bigger CKOH/Cethanol value will give a higher peak current 
density. It can be explained as follows. When the fixed ethanol concentration 
is low, there are enough active sites for both ethanol and OH-. Therefore, 
increasing the CKOH/Cethanol value (equivalent to increasing KOH 
concentration) will augment the coverage of (OH)ads as well as (CH3CO)ads, 
giving a higher peak current density. On the contrary, at a higher fixed 
ethanol concentration, a smaller CKOH/Cethanol value will result in a higher 
peak current density since there are not enough active sites for both ethanol 
and hydroxide ion when their concentrations are sufficiently high. Ethanol 
and OH- compete for the active sites. The higher CKOH/Cethanol value means 
higher KOH concentration compared to ethanol concentration, thus OH- 
CHAPTER 2 	  	  
	   76 
adsorption is dominant, and the coverage of the acetyl group (𝜃!" !"!!" !"#) is 
reduced, resulting in the decrease of current density. Such a conclusion is 
also in agreement with the previous observation. 
  
Figure 2-8. Stability analysis of the free-standing Pd/PA6 nanofibrous 
catalyst. (A) Cyclic voltammetry of 0.2 M ethanol + 1 M KOH solution for 
20 cycles at a scan rate of 50 mV/s. (B) Chronoamperometry of 0.1 M 
ethanol + 0.6 M KOH solution at a working potential of −0.1 V (vs. MMO). 
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(d) Durability test 
The intermediate carbonaceous species formed during electrooxidation of 
ethanol in alkaline medium may poison the catalyst and suppress its 
performance accordingly. Therefore, the stability of the as-prepared Pd/PA6 
nanofibers for ethanol electrooxidation was investigated by cyclic 
voltammetry (CV) with multi cycles and chronoamperometry (CA) with 
extended time. Figure 2-8A shows the cyclic voltammograms of ethanol 
electrooxidation in 1.0 M KOH containing 0.2 M ethanol at a scan rate of 50 
mV/s. One can see that the peak current density during the first cycle is 
34.76 mA/cm2 while the peak current density for the twentieth cycle is 32.87 
mA/cm2, which is just 5.4% less than that during the first scan. The result 
indicates that Pd/PA6 nanofibrous catalysts are stable catalysts for ethanol 
oxidation. The CA in Figure 2-8B also shows the good stability of the as-
prepared Pd/PA6 nanofibrous electrocatalyst in alkaline medium, which is in 
good agreement with the result obtained by CV. 
2.3.3 Electrooxidation of methanol and isopropanol 
The performance of the free-standing Pd/PA6 nanofibers in the 
electrooxidation of other alcohols such as methanol and isopropanol was also 
investigated and presented in Figure 2-9. The well-defined forward and 
backward scan peaks can be observed for both methanol and isopropanol. The 
peak current density and the onset potential for methanol and isopropanol 
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are 21.0 mA/cm2, −0.6542 V, and 12.7 mA/cm2, −0.7484 V, respectively, which 
indicates the good electrocatalytic activity of the as-prepared Pd/PA6 
nanofibers for the electrooxidation of methanol and isopropanol. These 
results demonstrate that the free-standing Pd/PA6 nanofibers have great 
potential application in various direct alcohol fuel cells. 
 
2.4 Conclusions 
In summary, free-standing Pd/PA6 nanofibers with highly porous structure 
and excellent mechanical property have been successfully fabricated by 
electrospinning and an electroless plating approach. The electrochemical 
behavior of the as-prepared Pd/PA6 nanofibers was intensively investigated 
for ethanol oxidation reaction in alkaline solution. High current density and 
Figure 2-9. Cyclic voltammograms of 0.1 M methanol (A) and 
isopropanol (B) in 0.6 M KOH solution with a free-standing Pd/PA6 
nanofibrous working electrode at a scan rate of 50 mV/s. 
CHAPTER 2 	  	  
	   79 
low Ib/If on the as-prepared free-standing Pd/PA6 nanofibers were achieved, 
and the enhanced performance may be attributed to the large surface area, 
reduced diffusion resistance, and excellent poisoning tolerance. It has also 
been found that both KOH concentration and ethanol concentration affect the 
forward scan peak current density and the peak position. Especially, the peak 
potential was found to be dependent on the natural logarithm of the ratio of 
the KOH concentration to ethanol concentration. Furthermore, its application 
for effective electrooxidation of methanol and isopropanol was also 
demonstrated. This study provides a promising route for the facile and cost-
effective synthesis of palladium nanofibers, and the as-synthesized direct 
nanofibers show great prospect in the applications of various alcohol fuel 
cells. 
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Chapter 3 
Palladium/Titanium Dioxide Nanofibers for Electrooxidation of 
Glycerol in Alkaline Medium 
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3.1 Motivation and objective 
In the previous chapter, we have successfully synthesized free-standing, 1-
dimensional, Pd/PA6 composite materials; and the as-prepared free-standing 
composite material has shown an outstanding electrocatalytic activity of 
towards ethanol oxidation reaction in alkaline electrolyte. However, in terms 
of the free-standing support, polymeric template may not be the best option 
in the application of DAFCs. On one hand, there is hardly any interaction 
between polyamide 6 and the deposited Pd, and thus, no synergistic effect 
could be harvested from the support. On the other hand, the polymeric 
backbone could be possibly dissolved or corroded in the working environment 
of alcohol oxidation reaction by the strong alkaline solution or the organic 
fuel which incidentally could also be a good organic solvent, and thus, 
affecting the long-term performance of the catalyst. 
Recently, glycerol has been realized as a more attractive anode fuel in 
DAFCs due to its low toxicity, low flammability, and low price. However, the 
large molecule size of glycerol would complicate the oxidation reaction and 
accelerate the passivation of the working electrode. Furthermore, since only a 
few publications have discussed the utilization of glycerol in fuel cells, the 
mechanism of glycerol oxidation reaction in the context of DFACs is far from 
clear, resulting in extra difficulty for the rational design of efficient anode 
catalysts for the electrooxidation of glycerol. 
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In this chapter, we would extend the synthetic strategy for the 
preparation of Pd-polymer composite to the production of a more desirable 
Pd-inorganic support. Using titanium dioxide (TiO2) as a demonstration, 
highly conductive, free-standing Pd/TiO2 nanofibers will be fabricated by 
electroless-plating Pd on the electrospun TiO2 nanofibers. The experimental 
parameters for the deposition of Pd on TiO2 will be carefully optimized. 
Furthermore, we would like to take the challenge of catalyzing glycerol 
oxidation reaction on the as-prepared free-standing electrode. Beyond the 
examination of the catalytic performance of Pd/TiO2, the mechanism of 
desorption of poisoning intermediate will be explored by changing the upper 
potential limit in cyclic voltammetry. Finally, the application of the Pd/TiO2 
nanofibers for the electrooxidation of methanol, ethylene glycol, and 1,2-
propanediol will also be briefly discussed.  
3.2 Experimental 
3.2.1 Preparation of TiO2 Nanofibrous Templates 
TiO2 nanofibers were prepared by following a similar procedure described 
elsewhere.1 Briefly, a 1 mL solution containing 0.1 g of titanium 
tetraisopropoxide (Sigma-Aldrich), 0.2 mL of acetic acid, 0.03 g of 
poly(vinylpyrrolidone) (PVP) (Mw ≈ 1.3 × 106, Sigma-Aldrich), and 0.7 mL of 
ethanol was prepared and electrospun using a 23 gauge needle with a flow 
rate of 0.3 mL/h at an applied potential of 7 kV and a collection distance of 5 
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cm. The collected composite nanofibers were kept in the air overnight, 
followed by calcination in a muffle furnace at 500 °C for 3 hours to remove 
PVP and generate a TiO2 nanofibrous membrane. 
3.2.2 Electroless Plating of Pd on TiO2 
The deposition of Pd on TiO2 was accomplished by electroless plating (ELP) 
technique. The TiO2 nanofibers were first sensitized and activated by 
sequentially immersing the membrane into SnCl2 and PdCl2 acidic solutions, 
respectively, for 10 min, and this procedure was repeated for three times. A 
redox reaction occurs in which surface-bound Sn2+ is oxidized to Sn4+ and 
Pd2+ is reduced to form Pd nuclei. After the sensitization-activation cycle, the 
membrane was transferred into an acidic PdCl2 solution for further 
deposition. With the addition of hydrazine to the electroless plating solution, 
the Pd precursor was reduced and deposited on the surface of the activated 
TiO2 template. This deposition process was maintained at room temperature 
for 2 hours. Finally, the Pd-coated TiO2 nanofibrous membrane was rinsed 
with deionized water and dried in ambient atmosphere. The compositions of 
the sensitization/activation solutions and palladium electroless plating 
solution are listed in Table 3-1. The effects of the sensitization/activation 
time, the concentration of SnCl2, the plating concentration of the Pd 
precursor, and the electroless plating time on the morphology and integrity of 
Pd layer were investigated. 
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3.2.3 Characterization 
A JEOL 6335F field emission scanning electron microscope (FESEM) and 
energy-dispersive X-ray spectrometer (EDXS) were employed to examine the 
morphology and the elements of the as-prepared nanofibers. The thickness of 
the Pd layer was estimated by the difference between the average radius of 
nanofibers before and after the deposition of Pd. An X-ray diffraction (XRD) 
pattern was collected using Cu Kα radiation on a D5005 diffractometer 
(Bruker). 
3.2.4 Electrochemical measurements 
Cyclic voltammetry (CV) was carried out in a three-electrode system on CHI 
601C electrochemical workstation (CH Instruments). A platinum wire and an 
Hg/HgO (MMO, 1.0 M KOH, 0.098 V vs. RHE) electrode were employed as 
the counter and the reference electrode, respectively. Pd/TiO2 nanofibrous 
membrane was fixed on the surface of GCE with nail oil and served as 
working electrode. Potassium hydroxide (KOH) solution was applied as the 
electrolyte; several alcohols, such as methanol, ethylene glycol (EG), 1,3-
Table 3-1. Compositions of the sensitization, activation, and electroless 
plating solution 
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propanediol, and glycerol, were tested. All the solutions were purged with 
nitrogen before experiments. 
3.3 Results and discussion 
3.3.1 Materials characterization 
(a) Morphological and crystallographic study 
 
 
Figure 3-1. SEM images of TiO2 nanofibers (A) and Pd/TiO2 nanofibers 
(B) with the corresponding higher magnification images shown in the 
insets. 
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Typical SEM images of the as-prepared TiO2 nanofibers before and after the 
deposition of Pd are presented in Figure 3-1A and B. The TiO2 nanofibers 
have an average diameter of 115 nm, while the Pd/TiO2 nanofibers have a 
larger diameter due to the deposition of Pd. The average thickness of the 
coated Pd layer is ca. 176 nm. The coating of Pd on TiO2 nanofibers was 
further confirmed by EDX analysis. As shown in Figure 3-1C, only Pd 
element was detected which can be attributed to the fact that the surface of 
TiO2 was fully covered by a Pd layer. The XRD pattern of the as-prepared 
sample is presented in Figure 3-2 where all diffraction peaks can be assigned 
to the Pd face-centered-cubic (fcc) crystalline structure according to JCPDS 
card 46-1043. 
(b) Optimization of electroless plating 
Systematic experiments were performed to examine the influence of 
Figure 3-2. XRD pattern of Pd/TiO2 nanofibers. 
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deposition parameters on the morphology and integrity of the Pd layer. The 
FESEM images of nanofibers synthesized from various conditions are shown 
in Figure 3-3. It has been well known that Pd grows from nuclei at the 
beginning of the electroless plating process. Therefore, we first investigate 
the density of such nuclei resulting from different sensitization/activation 
(S/A) durations (5, 10, and 15 min). It can be observed from Figure 3-3A, 
Figure 3-1B, and Figure 3-3B that longer sensitization/activation time 
generates larger, which suggests that more Sn2+ could bind on the surface of 
TiO2 nanofiber during sufficient sensitization, and meanwhile, more Pd 
nuclei are produced during sufficient activation, resulting in a faster 
electroless plating rate.2 However, the uniformity of Pd nanofibers could be 
affected if the deposition reaction is too fast as reflected in Figure 3-3B. 
By comparing the samples prepared under different electroless plating 
durations from Figure 3-3B and C, one can see that, with the increase of 
deposition time from 1 hour to 2 hours, the thickness of the Pd layer 
increases almost 2 fold with narrower (better) distribution, indicating that 
metallic Pd kept depositing on the surface of TiO2 during the second hour 
period without depleting the Pd precursor. Therefore, it provides a feasible 
option to control the thickness of Pd by changing the deposition time. 
Under the examined conditions, the optimal electroless plating 
condition in terms of the morphology and the integrity of the Pd layer was 
determined to be 10 min of sensitization/activation with 1 g/L SnCl2 in the 
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sensitization solution and 0.25 g/L PdCl2 in the activation solution, 15 mM 
PdCl2 in the electroless plating bath, and a 2-hour deposition time as shown 
in Figure 3-1B. Moreover, this product exhibited excellent electric 
conductivity that is indispensable in the application of alcohol 
electrooxidation. 
 
 
3.3.2 Electrooxidation of glycerol 
(a) Catalytic performance towards GOR 
The catalytic activity of the as-prepared Pd/TiO2 composite material towards 
glycerol oxidation reaction will be examined by CV. Figure 3-4A shows the 
cyclic voltammograms of the electrooxidation of 0.1 M glycerol in 0.5 M KOH 
solution in the scan range of −0.9 V to 0.5 V (vs. MMO). Compared to the 
cyclic voltammogram in the absence of glycerol, a strong glycerol oxidation 
peak can be observed. Similar to the electrooxidation of other alcohols,3 the 
glycerol electrooxidation promoted by Pd in alkaline medium is characterized 
Figure 3-3. SEM images of Pd/TiO2 nanofibers synthesized from 
different electroless plating conditions. 
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by two well-defined peaks in the forward and the backward scan, which are 
due to the electrooxidation of glycerol and the removal of the poisoning 
intermediates, respectively. As a comparison, there is only one reduction 
peak at ca. −0.25 V observed in 0.5 M KOH, which is due to the reduction of 
PdO to Pd.4 By contrast, TiO2 nanofibers attached GCE has no catalytic 
activity for glycerol electrooxidation in alkaline medium (Figure 3-4B). 
  
Figure 3-4. Cyclic voltammograms of Pd/TiO2 (A) and TiO2 nanofibers 
(B) in 0.5 M KOH in the presence and absence of 0.1 M glycerol. 
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(b) Influence of KOH and glycerol on GOR 
Figure 3-5A presents the effect of KOH concentration on the glycerol 
electrooxidation. The cyclic voltammograms are recorded from −0.9 V to 0.5 V 
with 0.1 M glycerol, but only the forward scan peaks are presented. One can 
see that a higher KOH concentration results in a lower oxidation peak 
potential and an enhanced peak current density. However, both the negative 
shift of the oxidation peak potential and the enhancement of peak current 
density show the tendency to gradually level off with the increase of KOH 
concentration. The results indicate that glycerol electrooxidation is improved 
by the greater availability of OH-. As the simultaneous attack of hydroxyl 
groups at C1 and C3 carbon atoms is unfavorable,5 the major glycerol 
electrooxidation on Pd in alkaline media can be rationally described as 
follows in light of previous works5-6: 
                              𝑃𝑑 + 𝑂𝐻! ↔ 𝑃𝑑 𝑂𝐻 !"# + 𝑒!                                       (I) 
      𝑃𝑑 + 𝐶!𝐻! 𝑂𝐻 ! 𝐶𝐻!𝑂𝐻 + 3𝑂𝐻! ↔ 𝑃𝑑 𝐶!𝐻! 𝑂𝐻 !𝐶𝑂 !"# + 3𝐻!𝑂 + 3𝑒!   (II) 
               𝑃𝑑 𝑂𝐻 !"# + 𝑃𝑑 𝐶!𝐻! 𝑂𝐻 !𝐶𝑂 !"# → 𝐶!𝐻! 𝑂𝐻 !𝐶𝑂𝑂𝐻 + 2𝑃𝑑          (III) 
                       𝐶!𝐻! 𝑂𝐻 !𝐶𝑂𝑂𝐻 + 𝑂𝐻! → 𝐶!𝐻! 𝑂𝐻 !𝐶𝑂𝑂! + 𝐻!𝑂                    (IV) 
The extent of glycerol electrooxidation, namely the forward scan peak current 
density (If), is determined by the coverage of hydroxyl group and glycerol 
adsorbed on the Pd active sites, denoted by θPd(OH)ads and θPd(G)ads, 
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respectively. The increase of KOH concentration will not only enhance 
θPd(OH)ads, but also greatly facilitate the adsorption of glycerol on the catalyst, 
which results in higher If and negative shift of peak potential. 
 
 
Figure 3-5. (A) The effect of KOH concentration on 0.1 M glycerol 
electrooxidation with Pd/TiO2 nanofibers attached GCE. (B) The effect of 
glycerol concentration in 0.5 M KOH on its electrooxidation. 
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Figure 3-5B shows the effect of glycerol concentration on the 
electrooxidation in 0.5 M KOH (the forward scan peaks only). The oxidation 
current initially increases with the glycerol concentration up to 0.5 M 
glycerol, which is attributed to the increase of θPd(G)ads, and then drops with 
further concentration increase because excessive adsorbed glycerol could 
block the access of OH- to the active sites on Pd, resulting in an insufficient 
Figure 3-6. Cyclic voltammograms of 0.5 M KOH + 0.1 M glycerol with 
different Eupper (A) and the control experiment without glycerol (B). 
CHAPTER 3 	  
	   94 
coverage of (OH)ads and leading to a decrease of the peak current density 
accordingly. The performance of the Pd/TiO2 nanofibers for the 
electrooxidation of other alcohols was also investigated. 
(c) Influence of upper potential limit on GOR 
Figure 3-6 shows the effect of different Eupper values on the electrooxidation 
glycerol in KOH with (A) and without (B) the presence of glycerol. Figure 3-
6B shows that the reduction peak during backward scan in KOH solution 
increases and shifts negatively with the increase of Eupper since more PdO and 
stronger Pd–O bond can be generated at higher potential.4 For the 
electrooxidation of glycerol, the increase of Eupper results in insignificant 
change of If but dramatic diminution of the backward scan peak current 
density (Ib). In addition, a strong reduction peak corresponding to the 
reduction of PdO was also observed when Eupper of 0.9 V was applied. The 
results imply that the adsorbed poisoning intermediate species can be 
effectively removed at higher potential during the forward scan, resulting in 
the sharp decrease of Ib and the increase of PdO reduction peak in the reverse 
scan accordingly. It is generally believed that the main poisoning species in 
the electrooxidation of alcohol is (CO)ads.5, 7 When Eupper is relatively low, the 
removal of the poisoning species probably happens in the reverse scan as 
follows: 
                𝑃𝑑 𝐶𝑂 !"# + 𝑃𝑑 𝑂𝐻 !"# + 3𝑂𝐻! → 2𝑃𝑑 + 𝐶𝑂!!! + 2𝐻!𝑂 + 𝑒!             (V) 
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However, when higher Eupper is applied, Pd(CO)ads can be likely oxidized to 
form PdO during forward scan through following equation: 
                          𝑃𝑑 𝐶𝑂 !"# + 6𝑂𝐻! → 𝑃𝑑𝑂 + 𝐶𝑂!!! + 3𝐻!𝑂 + 4𝑒!                    (VI) 
 
Higher Eupper enhances the reaction extent of equation (VI). On one hand, 
with the removal of more poisoning intermediates at higher potential during 
forward scan, Ib decreases in the backward scan. Especially, as shown in 
Figure 3-7, no peak can be observed for methanol during backward scan 
which can be assigned to the complete removal of the poisoning intermediate 
at higher potential during forward scan. On the other hand, more PdO and 
stronger Pd–O bond generated at higher Eupper result in the enhanced 
Figure 3-7. The comparison between the cyclic voltammograms of 
various alcohols (0.1 M) in 0.5 M KOH in a scan range from −0.9 V to 
0.9 V. 
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reduction peak of PdO to Pd and the negative shift of the reduction peak 
potential during the backward scan. In addition to the major oxidation peak, 
another oxidation peak can be observed for glycerol, EG, and 1,2-propanediol 
at higher potential. However, the removal of poisoning species or direct 
alcohol oxidation cannot explain this oxidation peak since there is no such a 
peak observed for methanol under the same condition (Figure 3-7). Therefore, 
this oxidation peak may be attributed to further oxidation of the remaining 
OH groups. 
3.3.3 Electrooxidation of other alcohols 
Figure 3-8 demonstrates the forward (A) and the backward (B) scan peak 
regions for the electrooxidation of glycerol, methanol, ethylene glycol, and 
1,2-propanediol, respectively. The well-defined forward and backward scan 
peaks can be observed for the examined alcohols and demonstrate the 
excellent performance of the Pd/TiO2 nanofibers. The summarization of the 
reaction parameters is plotted in Figure 3-8C. One can see that under the 
same molar concentration, glycerol electrooxidation showed the highest 
forward scan peak current density among all alcohols, indicating that 
glycerol is a promising candidate in DAFCs. 
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Figure 3-8. Cyclic voltammograms of the forward (A), the backward (B) 
scans, and the corresponding summarization plot (C) for the 
electrooxidation of 0.1 M glycerol, ethylene glycol, 1,2-propanediol, and 
methanol in 0.5 M KOH. 
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3.4 Conclusions 
Pd/TiO2 nanofibers have been successfully prepared by electroless plating of 
Pd on electrospun TiO2. The Pd/TiO2 nanofibers attached GCE shows 
excellent catalytic activity for the electrooxidation of glycerol Both KOH and 
glycerol concentrations affect the glycerol electrooxidation in terms of peak 
potential and the forward and backward scan peak current densities. 
Moreover, higher potential can effectively remove the poisoning species 
during the forward scan. When higher Eupper is applied, another oxidation 
peak can also be observed in the CVs of glycerol, ethylene glycol, and 1,2-
propanediol between 0.65 V and 0.75 V (vs. MMO), suggesting the further 
oxidation of the remaining OH groups. The electrooxidation of other alcohols 
such as methanol, ethylene glycol, and 1,2-propanediol were also studied in 
alkaline solution using the as-prepared Pd/TiO2. Among the examined 
alcohols with the same molar concentration, glycerol possesses the highest If, 
indicating that it is a potential candidate in fuel cell application. 
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Chapter 4 
Free-Standing Pt-Cu-PAN Nanocomposite for  
Oxygen Reduction Reaction 
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4.1 Motivation and objective 
From this chapter, we will concentrate on Platinum-based electrocatalysts for 
oxygen reduction reaction on the cathode of DAFCs. 
As discussed in Chapter 2 and 3, free-standing Pd nanofibers were 
prepared by a versatile electrospinning – electroless plating procedure and 
were applied successfully as the anode catalyst in ethanol oxidation reaction 
and glycerol oxidation reaction for DAFCs. However, a relatively large 
amount of Pd was deposited on the nanofibrous template in the electroless 
plating step, decreasing the utilization efficiency of noble metal, which is 
extremely undesirable in Pt-based electrocatalysts. Therefore, still aimed at 
preparing free-standing nanofibrous electrodes, this chapter will be primarily 
motivated by reducing the loading of noble metal. 
Pt-Cu-PAN free-standing, composite nanofibers will be produced by an 
electrospinning – electroless plating – galvanic replacement reaction 
procedure. In detail, polyacrylonitrile (PAN) nanofibers will be first prepared 
by electrospinning. Subsequently, copper (Cu) will be coated on the surface of 
PAN by electroless plating (Cu-PAN). Afterwards, a thin layer noble metal 
will be deposited on the surface of Cu-PAN using Cu as the sacrificial 
substrate by galvanic replacement reaction. Furthermore, the as-prepared 
Pt-Cu-PAN will be treated and characterized towards the electrocatalysis of 
oxygen reduction reaction. 
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4.2 Experimental 
4.2.1 Electrospinning of PAN nanofibrous template 
15 wt% PAN solution was dissolved in DMF. PAN nanofibers were generated 
by electrospinning with 19 gauge needle at 17 kV applied potential and a 
distance of 15 cm with a flow rate of 0.3 mL/h, and collected on Al foil for 15 
min.1 
4.2.2 Electroless plating of Cu on PAN 
The compositions of the sensitization/activation solutions and Cu electroless 
plating solution are listed in Table 4-1.2 The PAN nanofibers were first 
sensitized and activated by sequentially immersing the membrane into SnCl2 
and PdCl2 acidic solutions, respectively, for 5 min. This procedure was 
performed for additional two times. After the sensitization-activation cycle, 
the membrane was transferred into an electroless plating solution. With the 
addition of formaldehyde to the electroless plating solution, the Cu precursor 
was reduced and deposited on the surface of the activated PAN substrate. 
This deposition process was maintained at room temperature for 2 min. 
Finally, the Cu-PAN was rinsed with DI water and dried in the vacuum oven. 
4.2.3 Galvanic replacement reaction from Cu to Pt 
The as-prepared Cu-PAN nanofibrous membrane was immersed into 
Na2PtCl6 (0.8 mM) and NaAuCl4 (0.2 mM) mixed aqueous solution, and the 
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reactions were maintained at room temperature overnight. The as-prepared 
sample was further treated by 1 M nitric acid for the removal of residual Cu.  
	  
4.2.4 Materials characterization 	  
FESEM was conducted on a JEOL 6335F (10 kV operating voltage) coupled 
with Noran X-ray microanalysis system. Thermogravimetric analysis (TGA) 
was performed using a TA Instruments TGA Q500 under N2 or air flow of 60 
mL·min-1 with a balance gas of N2 flowing at 40 mL·min-1. Temperature was 
gradually increased from room temperature to 800 °C at a rate of 5 °C·min-1. 
The crystal structures of the samples were examined using a Bruker D8 
Advance X-ray diffractometer with a Cu-Kα (k = 1.5405 Å) radiation source 
operated at 40 kV, 40 mA and the scan rate of 5 degree·min-1. X-ray 
photoelectron spectroscopy (XPS) was carried out in a PHI Multiprobe using 
an Al-Kα source. 
4.3 Results and discussion 
4.3.1 Electrospinning – electroless plating – galvanic replacement 
reaction 
Table 4-1. Experimental condition for the electroless plating of Cu 
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The deposition parameters presented in the experimental section was 
obtained after thorough optimization in term of surface roughness, number of 
particles, and continuity of the individual nanofiber. As shown in Figure 4-1A, 
the size distribution of PAN nanofibers is relatively uniform with an average 
diameter of 430 nm. The sub-micrometer nanofibers provide an ideal 
substrate for the subsequent electroless plating of Cu. 
Figure 4-1B and C depict the overall morphology of Cu-PAN nanofibers 
and the surface feature of individual nanofiber, respectively. The Cu-PAN 
nanofibers not only inherit the morphological characteristics of PAN 
nanofibers but also possess high conductivity due to the continuous coating of 
Cu. The average diameter of Cu-PAN is 500 nm which results in a thickness 
of 35 nm of the Cu layer. 
The introduction of Pt and Au was realized via the galvanic 
replacement reaction due to the higher standard electrode potential of noble 
metal than that of Cu. In addition, it is worth pointing out that the addition 
of 0.2 mM NaAuCl4 in the precursor solution aimed at producing highly 
durable Pt-Au nanocomposite material for ORR due to the well-known 
stabilization effect of Au clusters on Pt catalyst;3 no morphological or 
structural property would be influenced by the incorporation of Au according 
to preliminary results. We will still name the as-prepared nanofibers as Pt-
Cu-PAN in spite of the existence of Au. As shown in Figure 4-2A and B, even 
though the 1-dimensional feature of Cu-PAN was kept, the conductivity of Pt-
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Cu-PAN was dramatically smaller than that of Cu-PAN resulting from the 
cleavage of conductive layer on each nanofiber during the galvanic 
replacement reaction and/or the post treatment by nitric acid. Therefore, this 
noble metal-based, free-standing, 1-dimensional nanofibrous membrane is 
not suitable for the application of electrocatalysts. 
 
4.3.2 Carbonization and calcination 	  
In order to still apply the as-prepared nanofibers in the electrocatalysis of 
oxygen reduction reaction (ORR), we have to disperse the nanomaterial in 
water or ethanol and then cast the catalyst ink on a glassy carbon electrode. 
In this regard, the removal of PAN core is indispensable. On one hand, PAN 
can hardly be shortened or dissolved in water or ethanol, even under ultra- 
Figure 4-1. The SEM images of PAN nanofibers (A) and Cu-PAN 
nanofibers (B and C) with different magnifications. 
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sonication. On the other hand, the residual Pt-Cu shell may result in a core-
shell (carbonization) or hollow (calcination) nanostructure which could be 
beneficial in the electrocatalysis of ORR. The removal of PAN can be achieved 
by high temperature treatment. Based on the gas environment, the thermal 
treatment can be further divided into carbonization and calcination where 
inert gas and oxygen are employed, respectively. When the Pt-Cu-PAN 
sample was heated in an inert gas such as argon, the PAN core could be 
carbonized to carbon nanofibers (CNFs)4 whereas H and N elements were 
completely burned out, leaving Pt, Cu, and C. When the Pt-Cu-PAN sample 
was heated in an oxygen-containing environment such as air, all elements in 
PAN, namely, C, H, and N, could be converted to the corresponding 
oxygenated, gaseous species and discharged from the original material, 
leaving just Pt and Cu (or maybe metal oxides).	  
Figure 4-2. The SEM images of Pt-Cu-PAN nanofibers before (A) and 
after (B) nitric acid treatment. 
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(a) Carbonization 
Before the thermal treatment, thermogravimetric analysis (TGA) was 
conducted in order to determine the heating temperature. Figure 4-3A 
displays the mass change of Pt-Cu-PAN with respect to temperature in N2. 
The abrupt mass decrease at around 300 °C can be attributed to the removal 
of H and N species. The gradual mass decrease after 600 °C may result from 
Figure 4-3. The TGA profiles of Pt-Cu-PAN nanofibers in N2 (A) and air 
(B). 
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the loss of carbon at elevated temperature. Therefore, the heating 
temperature for the subsequent thermal treatment was determined to be 
500 °C where the TGA curve levels off. 
	   	  
Figure 4-4. The SEM images of Pt-Cu nanotubes (A and B) and carbon 
nanofibers (C and D) after carbonization in N2. 
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Figure 4-4 A and B show FESEM images of the resultant Pt-Cu 
nanotubes after carbonization. The existence of Pt, Au, and Cu was confirmed 
by EDXS. It was quite surprise to obtain the nanotubular structure since Pt-
Cu-PAN nanofibers was designed to produce core-shell PtCu-CNF 
nanostructure. On the contrary, as shown in Figure 4-4 C and D, the carbon 
nanofibers formed a separate phase where no metal was detected on the 
surface of CNFs. The detailed mechanism for the separation of metal and 
carbon needs to be further investigated. However, the consequence for this 
unexpected result is the poor electrocatalytic performance of the as-prepared 
material for ORR since Pt is deeply buried in CNFs instead of uniformly 
distributed/supported on CNFs (data not shown).  
	    
Figure 4-5. The SEM image of Pt-Cu nanotubes after calcination in air. 
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(b) Calcination	  
The heating temperature for Pt-Cu-PAN in air was determined to be 500 °C 
by TGA (Figure 4-3B). The overall morphology of the resultant material was 
examined by FESEM (Figure 4-5). Besides the hollow, metallic 1-dimenional 
nanostructure with uniform size distribution, no separate carbon phase was 
observed in the calcinated sample. Nevertheless, it is disappointed to find out 
that the electrocatalytic activity for ORR of this nanotubular material is still 
not comparable with the state-of-the-art Pt/C catalyst (data not shown). The 
inferior performance can be explained by the existence of metal oxides in the 
bulk and on the surface of the sample. The bulk composition was investigated 
by XRD (Figure 4-6). Besides the Pt-Au alloy peaks, the unequivocal peaks 
for PtO, PtO2, and CuO have been identified as well. The surface property of 
Figure 4-6. The XRD pattern of Pt-Cu nanotubes after calcination in air. 
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the as-prepared sample was studied by XPS (Figure 4-7). As the primary 
electrocatalyst for ORR, the surface of Pt is covered by Pt0, PtO, and PtO2 
with 50% coverage of oxygenated Pt species, which would dramatically 
impede the more than electrocatalysis towards ORR. 
	  
Here comes a stalemate resulted from the overwhelmingly high carbon 
content from carbonization and the unfavorable coverage of oxygenate species 
from calcination. A possible solution to break the stalemate is another round 
of thermal treatment where H2 will be supplied as the reducing gas to recover 
the metallic Pt from the corresponding oxides. However, this will make the 
complicated fabrication procedure even more complicated, which is highly 
undesirable in the synthesis of functional nanomaterials. 
Figure 4-7. The XPS spectrum of Pt-Cu nanotubes after calcination in 
air. 
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4.4 Conclusions 
Highly conductive Cu-PAN nanofibers have been prepared by an 
electrospinning – electroless plating procedure, and the incorporation of Pt 
was achieved by galvanic replacement reaction with a low loading of Pt. 
However, the as-prepared Pt-Cu-PAN nanofibrous membrane is not suitable 
for the application of free-standing cathode catalyst due to its poor 
conductivity, resulting from the cleavage of individual nanofibers during 
galvanic replacement reaction regardless of the post treatment by nitric acid. 
A backup plan for the investigation of ORR activity of Pt-Cu-PAN was 
executed by removing PAN using either carbonized (heat in N2) or calcinated 
(heat in O2) sample. Nevertheless, the high content of carbon after 
carbonization and oxygenated Pt species after calcination dramatically 
impede the exposure of the reactive, metallic Pt to O2 under the reaction 
environment. Therefore, it has been shown in this chapter that a multi-step 
fabrication could be easily problematic since each step may result in 
unexpected, unfavorable issue towards the application. In the context of Pt-
based electrocatalysts for ORR, a simple synthetic procedure will be more 
likely to generate predicted result. Therefore, a new strategy will be explored 
in Chapter 5. 
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Chapter 5 
Platinum-Copper Nanotube Electrocatalyst with Enhanced 
Activity and Durability for Oxygen Reduction Reaction 
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5.1 Motivation and objective 
In the previous chapter, a multi-step procedure was proposed for the 
preparation of Pt based 1-D nanomaterials. However, the unexpected results 
prevent it from being applied in ORR. On one hand, the extremely high 
carbon content on the surface of the materials coming from the carbonization 
of the polymeric backbone dramatically impedes the ORR activity of the 
materials. On the other hand, when trying to remove all carbonaceous 
components by calcinating the sample in O2, a great amount of oxide was 
found to cover the surface of the catalyst, which is also highly unfavorable in 
the application of ORR. In summary, carbon and oxide that come from the 
polymer template and the high-temperature treatment, respectively, gave us 
the biggest problem. 
The most important characteristics of Pt based ORR catalysts are 
activity and durability, which have attracted a lot of academic interest in the 
past 20 years. The foundation of volcano curve, which correlates the specific 
activity with the d-band center position of Pt, has greatly accelerated the 
exploration of new Pt based electrocatalysts for ORR. Recently, Pt-Cu system 
has received a lot of attention since such a system is still on the uphill 
position from the Fermi level of Pt according to the volcano curve, which will 
exhibit enhanced ORR activity compared with pure Pt. In the context of the 
durability issue, it has been revealed that supportless, 1-D nanotubes are 
advantageous to conventional carbon-supported, 0-D nanoparticles in terms 
CHAPTER 5 	  
	   117 
of aggregation, Ostwald ripening, and carbon corrosion. The dissolution of Pt 
can be alleviated by incorporating another metal in the catalysts serving as 
either a stabilizer or a sacrificial component. 
Stimulated by the unpleasant results from Chapter 4 and inspired by 
the strategy from literature to improve activity and durability, in this 
chapter, we will describe a simple procedure for the preparation of 
supportless, 1-D PtCu nanotubes (PtCu NTs). No carbon-related materials or 
elevated temperature is involved which substantially decreases the 
possibility of the same problem encountered in Chapter 4. The activity-
oriented characterization will be thoroughly carried out. Specifically, the 
morphology of the as-prepared materials will be observed by FESEM and 
(HR)TEM; the crystallinity and composition will be identified by XRD and 
SAED; the element distribution will be studied by EDXS and STEM; and the 
surface and electronic properties will be examined by XPS. Furthermore, 
ORR activity and durability of the rationally designed electrocatalyst will be 
systematically investigated by RDE and ADT, respectively, and compared 
with those of commercial catalysts. 
5.2 Experimental 
5.2.1 Chemicals and reagents 
Sodium hydroxide (NaOH), copper nitrate [Cu(NO3)2], ethylene diamine 
(EDA), hydrazine (N2H4), ethanol, iso-propanol (IPA), Chloroplatinic acid 
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hexahydrate (H2PtCl66H2O), and perchloric acid (HClO4) were purchased 
from Sigma-Aldrich. Nitric acid (HNO3) was purchased from Fisher Chemical. 
Nitrogen (N2, ultra high purity) and oxygen (O2, ultra high purity) were 
purchased from Airgas. 5 wt.% Nafion® was purchased from DuPont. All 
chemicals were utilized as received. All aqueous solutions were prepared by 
deionized water (DI H2O, 18.2 MΩcm, Millipore). 
5.2.2 The preparation of PtCu NTs 
PtCu NTs were synthesized by the galvanic replacement reaction using 
copper nanowires (Cu NWs) as the sacrificial template. 
(a) The preparation of Cu NWs 
A published method1 was adopted for the preparation of Cu NWs in a larger 
scale. Briefly, 20 mL of concentrated sodium hydroxide solution (15M) in a 
500-mL plastic bottle was preheated to 60 °C. Afterwards, 10 mL of Cu(NO3)2 
solution (0.1 M) and 1.6 mL of EDA were sequentially and thoroughly mixed 
into the preheated solution. The reaction was triggered by adding 250 µL of 
N2H4 solution (35 wt.% dilute from 98 wt.%) and maintained at 60 °C in the 
water bath for 2 hours. The reddish end product floating on the top of the 
reaction solution was washed and collected by dispersion-centrifugation (6000 
rpm, 10 min, Eppendorf 5810R) in DI H2O and ethanol for 5 times in each to 
remove inorganic compound(s) and the residual EDA, N2H4, and organic 
intermediate(s), respectively. The as-prepared Cu NWs were dispersed in 
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ethanol and quantified by quartz crystal microbalance (Maxtek RQCM, 
Inficon). 
(b) The preparation of PtCu NTs 
H2PtCl66H2O was employed as the Pt precursor in the synthesis of PtCu 
NTs. Concisely, 120 mL of Cu NWs/ethanol suspension (0.3 mM) was mixed 
with 60 mL of H2PtCl6/ethanol solution (0.3 mM) with a Pt to Cu ratio of 0.5. 
Both reactants were precooled in a -20 °C refrigerator and the reaction 
mixture was maintained at -20 °C for 24 hours. The dark brown end product 
(PtCu NWs) was washed and collected by dispersion-centrifugation (6000 
rpm, 10 min) in ethanol for 5 times. Subsequently, acid treatment of the as-
prepared PtCu NWs was carried out in 0.5 M nital (HNO3 in ethanol, diluted 
from 70%) for 24 hours in a shaker (180 rpm, New Brunswick Scientific) at 
room temperature. The final product (Pt NTs) was washed and collected by 
dispersion-centrifugation (6000 rpm, 10 min) in ethanol for 5 times, and dried 
overnight under vacuum in a vacuum oven (Fisher Scientific). 
5.2.3 Characterization 
Field emission scanning electron microscopy was conducted on a JEOL 6335F 
FESEM (10 kV operating voltage) coupled with Noran X-ray microanalysis 
system. Transmission electron microscopy (TEM), selected area electron 
diffraction (SAED), energy-dispersive X-ray spectroscopy (EDXS), scanning 
transmission electron microscopy (STEM), spectrum profile (lines), and 
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spectrum image (maps) were carried out on a Tecnai T12 TEM (120 kV 
operating voltage) with STEM mode. High-resolution transmission electron 
microscopy (HRTEM) images were acquired on a JEOL 2010 FasTEM (200 
kV operating voltage). The crystal structures of the samples were examined 
using a Bruker D8 Advance X-ray diffractometer with a Cu-Kα (k = 1.5405 Å) 
radiation source operating at 40 kV, 40 mA and the scan rate of 5 
degree/minute. X-ray photoelectron spectroscopy (XPS) was conducted in a 
PHI Multiprobe using an Al-Kα source. The collected spectra were analyzed 
using the CasaXPS program. All binding energies were calibrated by placing 
the first C1s line at 284.6 eV. 
5.2.4 Electrochemical measurements 
(a) Experimental setup 
All electrochemical measurements were performed in a customized three-
electrode electrochemical cell with a Luggin capillary and a water jacket 
(Adams & Chittenden Scientific Glass) on a PGSTAT302N potentiostat 
(Metrohm Autolab). A glassy carbon rotating (ring) disk electrode [R(R)DE, 5 
mm diameter, Pine Research Instrumentation], a mercury/mercurous sulfate 
(Hg/Hg2SO4, saturated K2SO4, CH Instruments), and a Pt sheet (1 x 1 cm2) 
attached to a Pt wire were applied as the working, reference, and counter 
electrode, respectively. All potentials in the results are based on the reference 
of reversible hydrogen electrode (RHE). 0.1 M HClO4 (diluted from 70%) was 
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used as the electrolyte through out the electrochemical experiments. All 
electrochemical experiments were conducted at 25 °C controlled by a 
circulating water bath (Isotemp 3016D, Fisher Scientific). 
(b) The preparation of working electrodes 
Before the electrode modification, the R(R)DE was polished with polishing 
alumina (0.05 µm) on a moistened velvet polishing pad. The polished 
electrode was rinsed with and sonicated (1 minute) in DI H2O to obtain a 
mirror finish. Three different Pt based electrocatalysts, namely PtCu NTs, 
Pt/C (40 wt.% Pt nanoparticles supported on Vulcan XC72, E-TEK), and Pt 
black (Sigma-Aldrich) evaluated in this work were dispersed in 20% IPA 
aqueous solution by ultra-sonication on an ice bath for 30 minutes with an 
ultrasonic processor (Sonics & Materials). 
6 µL of the well-dispersed catalyst ink was pipetted on the surface of 
R(R)DE and dried with the rotation speed of 700 rpm in air at room 
temperature for 30 min, resulting in a Pt loading of  21.0, 34.2, and 47.9 
µg/cm2 for PtCu NTs, Pt/C, and Pt black, respectively. Afterwards, 10 µL of 
0.05 wt.% Nafion® (diluted from 5 wt.%) was dropped on the electrode and 
dried with the rotation speed of 700 rpm in air at room temperature for 60 
min, yielding a Nafion® film thickness of about 0.1 µm.2 Subsequently, the 
modified electrode was further dried under vacuum for 30 min. Finally, the 
as-prepared working electrode was electrochemically cleaned by running 
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cyclic voltammetry (CV) from 0.03 V to 1.252 V for 40 cycles at the scan rate 
of 200 mV/s in the N2 purged electrolyte. 
(c) Electrochemical surface area (ECSA) 
Prior to the CV measurement, the electrolyte was purged by N2 for 1 hour. 
All experiments were performed in N2 environment. The stabilized cyclic 
voltammogram scanning from 0.03 V to 1.252 V at the sweep rate of 50 mV/s 
from the 19th cycle was recorded for the subsequent analysis. The ECSA was 
analyzed by measuring the charge (Q) associated with the adsorption and 
desorption of hydrogen after double layer correction in the hydrogen 
adsorption/desorption region. The ECSA (cm2/mg) can be calculated by the 
following equation: 
𝐸𝐶𝑆𝐴 = 0.5 ∙ 𝑄𝑚 ∙ 𝑞! = 0.5 ∙ 𝐴!𝑚 ∙ 𝑞! ∙ 𝑠 
where m is the loading of Pt (mg/cm2); qH is the adsorption charge of a 
monolayer hydrogen on the Pt surface which as been estimated to be 0.21 
mC/cm2; AH is the area of the hydrogen adsorption/desorption region after 
double layer correction on the cyclic voltammogram (mA V/cm2); s is the scan 
rate of the CV (V/s). 
(d) Oxygen reduction reaction (ORR) 
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Prior to the ORR test, the electrolyte was purged by O2 for 1 hour. All 
experiments (except the background data) were performed in O2 environment. 
In a typical measurement, a positive going linear sweep voltammetry (LSV) 
with the RDE rotating at 1600 rpm was carried out from 0.11 V to 1.13 V at 
the scan rate of 10 mV/s to examine the catalytic activity of different Pt based 
electrocatalysts towards ORR. The background current was recorded at the 
same experimental condition in N2 purged electrolyte. The kinetic current (ik) 
at 0.9 V was calculated according to the Koutecky-Levich equation: 
1 𝑖 = 1 𝑖! + 1 𝑖! 
and thus, 
𝑖! = 𝑖! ⋅ 𝑖 𝑖! − 𝑖  
where i is the measured current at 0.9 V and il is the diffusion limiting 
current. In this work, all il were taken at 0.3 V. The reported mass activity 
and specific activity are ik normalized by the loading and the ECSA, 
respectively, of Pt. LSV was also performed at the rotation speed of 400 rpm, 
900, rpm, 2500 rpm, and 3600 rpm to investigate the kinetic properties of the 
catalysts of interest. 
The electron transfer number (n) of PtCu NTs-catalyzed ORR was 
ascertained by RRDE rotating at 1600 rpm with the potential of Pt ring 
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electrode at 1.2 V where the oxidation of hydrogen peroxide (H2O2) is under 
diffusion control. The collection efficiency (N) of the RRDE is 0.25. 
(e) Accelerated durability test (ADT) 
ADT was conducted by cycling the modified RDE from 0.6 V to 1.1 V at the 
sweep rate of 50 mV/s in the O2-saturated electrolyte with a continuous flow 
of O2. The ECSA data and the ORR data after a certain number of ADT 
cycling (0, 500, 1000, 2000, 3000, 4000, 5000, 6000) were determined in fresh 
0.1 M HClO4 solution as shown in the previous descriptions. 
5.3 Results and discussion 
The metallic Pt is introduced into the sacrificial template from the Pt(IV) 
precursor by the galvanic replacement reaction as follows: 
𝑃𝑡𝐶𝑙!!! + 2𝐶𝑢 ↔ 𝑃𝑡 + 2𝐶𝑢!! + 6𝐶𝑙! 
The reaction rate of this process could be very high at room temperature due 
to the large standard potential. Consequently, the deposition of Pt would be 
very fast, which may quickly passivate the reacting surface and/or result in 
the phase separation of Pt and Cu. In order to control the reaction rate, on 
one hand, capping agents (such as PVP and CTAB) have been widely applied 
to decrease the lability of certain facet(s) by altering the surface property of 
the reactant(s). However, the strongly adsorbed organic surfactants have 
shown to be detrimental to the catalytic activity of ORR.3 On the other hand, 
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Pt(II) compounds such as K2PtCl4 have been used as a milder oxidizing agent 
as well as the Pt precursor in a Pt-Cu galvanic replacement system.4 
Nevertheless, the dramatically increased activation energy of the reaction 
was compensated by elevating reaction temperature along with continuously 
supplying nitrogen preventing Cu from being oxidized, which made it less 
competitive in the energy-efficient mass production. In this work, high-
quality PtCu NTs are synthesized by a surfactantless, economical, and 
scalable procedure. The qualitative control of the reaction rate, without 
resorting to any capping agent, has been successfully accomplished by 
decreasing the reaction temperature to -20 °C. Therefore, the morphology and 
structure of the end product is a combinatorial effect of the high reactivity 
and the low temperature of the reaction system. 
5.3.1 Materials characterization 
(a) Morphology and crystallinity 
The microscopic characterization of PtCu NTs was first performed by FESEM. 
Compared to the Cu NW template (Figure 5-1A), the as-prepared PtCu NTs 
are remarkably shortened (Figure 5-2A) with a coarsened surface (Figure 5-
2B). The small pinholes present in Figure 5-2A and 5-7A have been proposed 
for the initiation of the galvanic replacement reaction inside the 
nanostructure.5 These small pinholes are also speculated to serve as the 
breaking point on the nanowires during the formation of nanotubes. Herein, 
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the acidic Pt precursor facilitates the production of these pinholes in the first 
place. Besides oxidized by Pt(IV), surface Cu atoms can also be etched by 
high-concentration protons in a local spot, which in turn promotes and 
expands the subsequent galvanic replacement reaction.6 In contrast, no 
obvious color change of the Cu NWs suspension was observed after 5 days 
using Na2PtCl6 instead of H2PtCl6 in the same reaction system. The average 
diameter of the Pt NTs was obtained from 160 individual nanotubes, and has 
been calculated to be 153.2 nm (Figure 5-2C), which is not perceptibly 
different from that of Cu NWs. 
 
 
Figure 5-1. (A) FESEM of Cu NWs with a higher magnification image in 
the inset. (B) SAED pattern of Cu NWs from TEM. 
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The crystallinity and the overall composition of the bulk material were 
determined by XRD, and the diffraction patterns (after baseline correction) of 
PtCu NTs and Pt/C are presented in Figure 5-3. The position and intensity of 
the Pt/C peaks can be perfectly related with pure Pt with a face-centered 
cubic (fcc) structure (PDF # 04-0802). The diffraction peaks of the as-
prepared material centered at 41.2°, 47.9°, 70.1°, and 84.6° can be indexed as 
the (111), (200), (220), and (311) facet, respectively, of the alloyed, fcc PtCu 
according to PDF # 48-1549, which results in a 1:1 atomic ratio of Pt:Cu. No 
signal associated with pure Pt, Cu, or CuOx was observed in the diffraction 
pattern, suggesting the high purity and crystallinity of the as-synthesized 
alloy. The positive shift of the diffraction peaks of PtCu NTs relative to Pt/C 
denotes the incorporation of Cu atom into Pt fcc structure, decreasing the 
lattice constant (0.3796 nm for PtCu vs. 0.3923 nm for Pt) and, concurrently, 
increasing the lattice contraction that has shown to be decisively important 
Figure 5-2. (A) and (B) FESEM images of PtCu NTs with different 
magnifications. (C) Diameter distribution of PtCu NTs from 160 individual 
nanotubes. 
CHAPTER 5 	  	  
	   128 
in the electrocatalysts for ORR.7 The relative peak intensity could be 
employed to indicate the preferred orientation of certain facets.8 It can be 
estimated that the (111) and the (220) facet on PtCu NTs are 8% and 105%, 
respectively, more abundant than those on Pt/C. The impact of the difference 
on the catalytic activity will be discussed in the electrochemical part. In 
addition, it is worth mentioning that the post acid treatment is indispensible 
for the formation of the final alloying configuration since no PtCu diffraction 
peak was identified for the sample without such a treatment (Figure 5-8B). 
HNO3 applied here is presumably responsible for the dissolution of the 
metallic Cu in the bulk, the chemical etching of the alloyed Cu, and the 
removal of under-coordinated Pt atoms on the surface. 
 
Figure 5-3. XRD patterns of Pt/C (top, red) and PtCu NTs (bottom, blue). 
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Another point of interested about PtCu NTs is the organization of Pt 
atoms and Cu atoms; in other words, whether the as-prepared material is an 
alloy where Pt and Cu atoms form a solid solution with a range of possible 
ratios or an intermetallic compound where the two elements are 
stoichiometrically fixed in the well-defined crystal structure. This question 
could be conclusively addressed by the binary phase diagram of Pt-Cu system 
(Figure 5-4). Since there is no straight line perpendicular to the composition 
axis at 50 at.% of Pt, it is theoretically impossible to form an intermetallic 
compound at such an atomic ratio under equilibrium treatment. Therefore, 
the as-prepared PtCu NTs are in the form of alloy instead of intermetallic 
compound. 
 
Figure 5-4. Binary phase diagram of Pt-Cu system from Springer 
Materials - The Landolt-Börnstein Database. 
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The morphological and structural information of the nanomaterial was 
further explored by (HR)TEM. The bright-field TEM image of a typical, 
individual PtCu NT is shown in Figure 5-5A. The contrast difference 
manifests the hollow interior of the nanotubular structure with a wall 
thickness of 30.3 nm. The SAED pattern (Figure 5-5B) reveals that the single 
crystalline Cu template (Figure 5-1B) is converted to the polycrystalline PtCu 
as evidenced by the set of concentric rings reflecting PtCu (111), (200), (220), 
and (311) facets which are consistent with the XRD result. HRTEM further 
corroborates the single-phased PtCu alloyed structure of the as-synthesized 
nanotubes in the atomic level. The 0.218 nm d-spacing as shown in Figure 5-
5C and 5-8C corresponds to the distance between adjacent PtCu (111) planes. 
 
(b) Composition and surface property 
The element analysis of PtCu NTs was conducted by STEM associated with 
EDXS. The overall composition of the squared area in the STEM (Figure 5-6B)  
Figure 5-5. (A) TEM image of one PtCu nanotube. (B) The corresponding 
SAED pattern. (C) HRTEM image of the edge on a PtCu NT.  
CHAPTER 5 	  
	   131 
 
is shown in Figure 5-6A where only Pt and Cu were exclusively detected. 
More EDXS data from FESEM were organized in Figure 5-8D. The spectrum 
images (elemental maps) of Pt-M and Cu-K (Figure 5-6 C and D) in the 
squared area substantiate the homogeneous, tubular distribution of the two 
metals. Moreover, the spectrum profiles (line scan) of Pt-M and Cu-K were 
collected along the radial direction of the nanotube (Figure 5-6E), which not 
only reiterate the alloy nature of the as-prepared nanomaterial but also 
signify delicate composition near the edge of the PtCu NT. The discernibly 
Figure 5-6. (A) EDXS of PtCu NTs. (B) STEM image of one PtCu NT. (C) 
and (D) Spectrum images of Pt-M and Cu-K, respectively, obtained from 
the indicated area in (B). (E) Spectrum profiles of Pt-M and Cu-K along 
the indicated direction in (B). 
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broader distribution of Pt than that of Cu reveals the fact that the surface of 
the alloy is covered by a Pt rich layer with a sub-nm thickness.9 This 
conclusion and its impact on ORR will be further specified by the subsequent 
XPS and ECSA analysis. 
The detailed surface chemistry of PtCu NTs was examined by XPS. 
The high-resolution spectra for Cu2p and Pt4f with the corresponding control 
are presented in Figure 5-7, and the results of interest from the spectra are 
Figure 5-7. (A) Cu 2p XPS spectra of Cu NWs (top) and PtCu NTs 
(bottom). (B) Pt4f XPS spectra of 40 % Pt/C (top) and PtCu NTs (bottom).   
	  
Table 5-1. The summarization of the surface oxide content and the 
chemical shift from XPS spectra. 
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summarized in Table 5-1. First of all, the surface atomic ratio of Pt to Cu on 
the alloy is determined to be 2.3 according to the following equation: 
𝑛!"𝑛!" = 𝐼!" 𝑠!"𝐼!" 𝑠!" 
where IPt and sPt are the intensity and atomic sensitivity factor (ASF), 
respectively, of Pt4f7/2; ICu and sCu are the intensity and ASF, respectively, of 
Cu2p3/2.10 This result unambiguously reveals the existence of a Pt shell (or at 
least a Pt-rich layer) on the surface of PtCu alloy. By adopting an ideal case 
(pure Pt on alloyed PtCu) and assuming the XPS sampling depth of 3 nm, the 
thickness of the Pt shell is approximated to be 1.6 nm which corresponds to 7 
atomic layers of Pt. Second, the oxide content of Cu dramatically reduces 
after alloying with Pt, which implies the preferential electron transfer from 
Cu to Pt on PtCu, and the concomitant formation of the bimetallic bond 
between Pt and Cu.11 For the same reason, the surface oxide of Pt should, to a 
certain extent, also decrease on PtCu compared to metallic Pt. Nevertheless, 
the electron transfer from Cu to Pt may enrich electrons in the valence band 
of Pt, favoring the formation of platinum oxide(s). Therefore, the combination 
of these two opposite influences makes the oxide content of Pt relatively 
stable with a minor decrease after alloying with Cu. Third, the Cu2p signal of 
PtCu shifts to higher binding energy with respect to that of Cu NWs and the 
Pt4f signal of PtCu negatively shifts compared with that of Pt/C. These 
chemical shifts are primarily dictated by the electronegativity (Pauling scale) 
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of Pt (2.28) and Cu (1.90) where the decrease of valence electron charge 
(lower electronegativity) increases the binding energy, and vice versa.12 
Nevertheless, the situation of Pt related chemical shift is more complicated 
since the change of binding energy is contributed from both Pt shell and PtCu 
bulk. On one hand, due to its higher electronegativity, Pt withdraws electrons 
from Cu in the PtCu phase, inducing the downward shift of Pt4f peak. On the 
other hand, attributed to the smaller lattice constant of PtCu underneath, 
the Pt rich surface endures the compressive strain exerted by the alloy 
support, resulting in the upward shift of Pt4f peak.13 Similar to the case of 
surface oxide content, the overall negative shift of Pt4f signal originates from 
two contradictory influences exerted by electronegativity and lattice constant. 
In the pursuit of developing advanced electrocatalysts towards ORR, 
researchers have discovered that it is the d-band center position of Pt that 
plays the most decisive role in determining the catalytic activity of Pt.14 It 
has been well known that the compressive strain on a Pt shell will modify the 
d-band structure of Pt atom to a lower position.7a A recent work has shown 
that the modification of d-band vacancy of Pt by an alloying metal with lower 
electronegativity may also decrease the d-band center position of Pt.15 
Therefore, regardless of the chemical shift of Pt in XPS, the as-prepared PtCu 
NTs have shown to retain a Pt-rich layer with downshifted d-band center, 
which theoretically makes it a promising electrocatalyst for ORR. 
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5.3.2 Electrochemical properties 
The electrochemical characterization is based on the quality of the catalyst-
coated thin film electrode, which is the prerequisite for acquiring reliable 
electrochemical data. In this work, we follow the electrode modification 
procedure recommended by Garsany et al. featured by strict cleanness 
standard and rotational drying method.16 
(a) Cyclic voltammetry in N2-purged HClO4 
The cyclic voltammogram of PtCu NTs recorded in N2-purged 0.1 M HClO4 
solution at 25 °C (Figure 5-9) exhibits three characteristic regions of pure Pt 
surface: hydrogen adsorption/desorption region (I) from 0.05 V to 0.40 V 
Figure 5-8. (A) FESEM of Cu NWs with a small pinhole at higher 
magnification. (B) XRD pattern of Cu NWs before acid treatment. (C) 
Lattice spacing measured on HRTEM. (D) EDXS spectra from three 
different spots on FESEM. 
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(𝐻! + 𝑒! ↔ 𝐻!"#, where Hupd refers to under-potentially deposited hydrogen), 
double layer region (II) from 0.40 V to 0.60 V, and the adsorption/desorption 
region of oxygenated species (III) above 0.6 V (2𝐻!𝑂 ↔ 𝑂𝐻!"# + 𝐻!𝑂! + 𝑒!, 
where OHads refers to adsorbed oxygenated species).14a Region (I) can be 
applied to calculate the ECSA of the electrocatalysts. The ECSA of PtCu NTs 
is apparently smaller than that of Pt/C due to the larger size of the as-
prepared material.17 A noticeable negative shift is observed for the Hupd 
desorption peak of PtCu NTs relative to that of Pt/C, indicating a decreased 
interaction between Hupd and the adsorbing site. In addition, no obvious 
change of the CV curve for PtCu NT was observed during cycling, reflecting 
its stable surface composition in the absence of Cu. In region (II), the double 
layer capacitance of PtCu NTs is much smaller than that of Pt/C due to the 
absence of carbon support, reflecting an improved conductivity of the 
supportless nanomaterials. A careful inspection in region (III) revealed that 
the OHads reduction peak of PtCu NTs upshifts for 8 mV relative to that of 
Pt/C, indicating the reduced adsorption strength of OHads on the surface of 
PtCu NTs.18 At the same time, the negative shift of the anodic desorption 
peak in region (I) also suggests the reduced adsorption strength of Hupd with 
Pt. In other words, the surface sites on PtCu NTs do not bind Hupd and OHads 
as tightly as the ones on Pt/C. The lower coverage of adsorbed species has 
been quantitatively proven as a direct consequence of the downshifted d-band 
center of Pt.14a 
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(b) Polarization curves in O2-saturated HClO4 
The kinetic properties of the as-prepared material were investigated by the 
positive-going linear sweep voltammetry in O2-saturated 0.1 M HClO4 
solution at 25 °C. Figure 5-10A shows the RDE measurements for PtCu NTs 
at different rotation speeds. All polarization curves display a diffusion-
limiting regime below 0.7 V where higher rotation speed gives a larger 
limiting current density, followed by a mixed kinetic/diffusion regime 
between 0.7 V and 1 V where the influence of rotation speed diminishes with 
the decrease of overpotential of ORR. The diffusion-limiting current can be 
predicted by the Levich equation:19 
Figure 5-9. Cyclic voltammograms of PtCu NTs (blue), Pt black (red), 
and 40% Pt/C (green) in N2-purged 0.1 M HClO4. The current is 
normalized to the geometric area of RDE.  
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𝑖! = 𝐴𝐵𝜔! ! = 0.2𝑛𝐹𝐴𝐶!𝐷!! !𝜈!! !𝜔! ! 
where A is the electrode area; n is the electron transfer number; F is the 
Faraday constant; C0 is the saturated O2 concentration in HClO4 solution; D0 
is the diffusion coefficient of O2 in HClO4; ν is the kinematic viscosity of the 
electrolyte; ω is the rotation speed of the electrode in rpm. Theoretically, in a 
Figure 5-10. ORR activity of PtCu NTs in O2-saturated 0.1 M HClO4. (A) 
Polarization curves at different rotation speeds determined obtained from 
RDE. (B) The fraction of H2O2 relative to the working potential 
determined by RRDE. (C) Koutecky-Levich plots in the mixed 
kinetic/diffusion regime. (D) Tafel plots according to the polarization curve 
at 1600 rpm. 
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well-defined system (such as ORR), the diffusion-limiting current density 
(𝑗! = 𝑖! 𝐴) is simply determined by the rotation speed and the number of 
electron transferred in the reaction. 
ORR can undergo either a two-electron process (𝑂! + 2𝐻! + 2𝑒! → 𝐻!𝑂!) 
or a four-electron process (𝑂! + 4𝐻! + 4𝑒! → 2𝐻!𝑂). The electron transfer 
number can be determined by RRDE experiment that detects the amount of 
H2O2 produced in ORR. For an RRDE with a collection efficiency of 0.25, 𝑛 = 4− 2𝑋!!!!. Figure 5-10B gives the RRDE data for PtCu NTs in terms of 
the fraction of H2O2 with respect to the applied potential, which resembles 
the result for Pt/C under the same condition.20 The production of H2O2 is 
negligible above 0.8 V, reflecting a four-electron transfer process of ORR in 
the operating potential window on the cathode of PEMFCs. Despite the 
production of H2O2 quickly increases below 0.7 V, the electron transfer 
number in the diffusion-limiting regime is still very close to 4. For example, 
there is about 1.5% H2O2 generated at 0.3 V, corresponding to 3.97 of the n 
value. The same electron transfer number can also be derived by Figure 5-
10A based on Koutecky-Levich equation. 
Figure 5-10C presents the Koutecky-Levich plot of Figure 5-10A in the 
mixed kinetic/diffusion regime according to: 
1 𝑗 = 1 𝑗! + 1 𝐵𝜔! !  
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The parallelism of the regression lines implies the first order kinetics with 
respect to the molecular oxygen,21 suggesting a consistent reaction pathway 
in this potential window. In addition, the linearity (for all 5 points) 
deteriorates with the increase of rotation speed and the decrease of 
overpotential due to the accentuated and manifest kinetic control, which is 
also observed by other papers.22 
Figure 5-10D reproduces Figure 5-10A in the form of Tafel plot for the 
mass-transport corrected current density at the rotation speed of 1600 rpm in 
the mixed kinetic/diffusion region. The Tafel slopes at low overpotential (> 
0.85 V) and high over potential (< 0.85 V) regions as shown in the figure are 
in good agreement with the nominal value of −2.303𝑅𝑇 𝐹 and −2×2.303𝑅𝑇 𝐹, 
respectively, indicating that the increase in current density brings about only 
the theoretical, minimal increase in activation polarization.23 
 
Figure 5-11. The comparison of ORR activities between PtCu NTs, Pt/C 
(40%), and Pt black in O2-saturated 0.1 M HClO4 at 1600 rpm. (A) 
Polarization curves obtained from RDE. (B) Columns of mass activity at 
0.9 V. The data of 20% Pt/C is from reference 16a. (C) Plots of specific 
activity and the 2015 DOE technical target at 0.9 V. 
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5.3.3 Electrocatalytic activity for ORR 
The electrocatalytic activity of PtCu NTs for ORR was determined by the 
polarization curve in O2-saturated 0.1 M HClO4 solution at 25 °C under the 
rotation speed of 1600 rpm. The benchmark activities of commercial catalysts 
were also tested in this work and/or referred to the state-of-the-art review by 
Gasteiger et al.24 The mechanistic comparison is made between the as-
synthesized catalyst and the commercial Pt/C (40 wt.% Pt on Vulcan XC72, 
E-TEK) unless otherwise stated. 
(a) Polarization curves 
As shown in Figure 5-11A, the onset potential of ORR on PtCu NTs is 29 mV 
higher than that on Pt/C, indicating an improved kinetics from the as-
prepared material. Meanwhile, the positive shift of the half-wave potential 
(E1/2) for PtCu NTs signifies the improved performance of the electrocatalyst 
towards ORR. However, since the value of E1/2 is also affected by the Pt 
loading,25 the catalytic activity would be better evaluated by mass activity 
(jk,m) and specific activity (jk,s) where the kinetic current is normalized by the 
mass loading and the ECSA, respectively, of Pt. 
(b) Mass activity and specific activity 
Figure 5-11B summarizes the mass activity at 0.9 V of different catalysts. 
The values for Pt/C (40%) and Pt black are in good agreement with the ones 
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reported in literatures.24, 26 One can see that the as-synthesized catalyst not 
only exhibits a 2.4- and 4.5-fold enhancement compared with Pt/C (40%) and 
Pt black, respectively, but also outperforms the state-of-the-art ETEK Pt/C 
(20%) by more than 20%. 
While mass current density represents the utilization efficiency of Pt, 
specific current density, which is directly correlated with the turnover 
frequency,27 reflects the intrinsic activity of the electrocatalyst. As shown in 
Figure 5-11C, the as-prepared PtCu NTs has displayed a distinguished 
specific activity with more than 10 fold improvement relative to the 
commercial catalysts. Furthermore, the specific current density (2.57 
mA/cm2Pt @ 0.9) also exceeds the 2015 DOE technical target (0.72 mA/cm2Pt @ 
0.9 V). 
(c) Discussion on the enhanced activity of PtCu NTs 
The outstanding specific activity of the as-synthesized material can be 
explained as follows. Primarily, Pt-promoted ORR is limited by the 
availability of vacant catalytic sites on Pt.14b In pure Pt, its d-band center is 
so close to the Fermi level that the adsorption of spectator species is strong 
and the desorption of oxygenated intermediate is weak. Therefore, a 
moderately downshifted d-band center (as discussed in XPS part) will 
dramatically decrease the pre-coverage of spectator species and greatly 
increase the turnover rate of active sites. A second consideration is the 
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structure sensitivity to the inhibiting effect.28 Although not remarkable in 
non-adsorbing acid such as HClO4, preferentially oriented (111) and (110) 
facets on PtCu NTs (as determined by XRD) are less vulnerable to OHads than 
(100), resulting in an improved catalytic activity. The third account is the 
morphology-related advantage of PtCu NTs since the 1-dimensional structure 
could facilitate the diffusion of O2 on the surface the catalyst compared with 
the 0-D materials.29 Additionally, the PtCu alloy supported Pt-rich surface 
with a 100-nm scale diameter effectively resembles the extended Pt surface 
that has shown to be advantageous to Pt/C in terms of specific activity.14a In 
contrast, since the dispersion of Pt nanoparticles on high-surface-area carbon 
only improves the utilization efficiency of the catalyst which advances the 
mass activity of Pt, little enhancement of the intrinsic activity could be 
identified from Pt/C. Therefore, as depicted in Figure 5-11C, the specific 
activity curves of the pristine Pt catalysts with and without carbon support 
almost overlay with each other, which reversely validates the above 
arguments. In addition, the slightly increased specific activity of Pt black 
originates from its larger particle size compared with that of Pt/C.30 
5.3.4 Accelerated durability test 
The operational stability of the as-prepared catalyst was evaluated by 
performing CV in O2-saturated 0.1 M HClO4 between 0.6 V and 1.1 V at the 
scan rate of 50 mV/s, which is known as the accelerated durability test 
(ADT).31 Figure 5-12 presents the changes of ESCA and RDE results for PtCu 
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NTs and Pt/C (40%) before and after 6000 ADT cycling. The substantially 
ameliorated durability of the as-synthesized material is evidenced by less 
ECSA loss (14.1%) and smaller E1/2 shift (9 mV) than 39.5% and 25 mV, 
respectively, for Pt/C. 
 
 
Figure 5-12. Accelerated durability test in O2-saturated 0.1 M HClO4 
scanning from 0.6 V to 1.1 V at the sweep rate of 50 mV/s for 6000 cycles. 
ECSA of PtCu NTs (A) and Pt/C (C) before and after ADT. Polarization 
curves of PtCu NTs (B) and Pt/C (D) before and after ADT. 
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In order to elucidate the mechanism for the improvement, Figure 5-
13A and B summarizes the evolution of normalized ECSA and jk,m (@0.9V) in 
terms of cycling numbers for PtCu NTs, Pt/C, and Pt black. Herein, Pt black 
bridges the discussion between the other two catalysts since it neither is an 
alloy, which represents the case of Pt/C, nor has carbon support, which 
imitates the situation for PtCu NTs. The durability issue of cathode catalysts 
in fuel cells can be attributed to the gradual loss of ECSA of Pt under 
potentiostatic and/or cycling condition,32 can be accounted by Pt dissolution 
(𝑃𝑡!! + 2𝑒! ↔ 𝑃𝑡,𝐸! = 1.188  𝑉), Pt particle growth (aggregation and Ostwald 
ripening), and carbon corrosion (𝐶 + 2𝐻!𝑂 → 𝐶𝑂! + 4𝐻! + 4𝑒!,𝐸! = 0.207  𝑉) in 
PEMFCs.33 On one hand, the difference between PtCu NTs and Pt black can 
be clarified by Pt dissolution and Pt particle growth. In PtCu NTs, the issue 
of Pt dissolution can be alleviated at the expense of Cu that would be 
sacrificially dissolved at lower potential ( 𝐶𝑢!! + 2𝑒! ↔ 𝐶𝑢,𝐸! = 0.340  𝑉 ), 
impeding the further dissolution of Pt.34 Furthermore, in contrast to the 0-D 
morphology of Pt black, the favorable, 1-dimensional structure with a µm-
scale length makes PtCu NTs less vulnerable to aggregation and Ostwald 
ripening of nanoparticles during ADT, maintaining the original 
nanostructure. On the other hand, the comparison between Pt black and Pt/C 
highlights the effect of carbon corrosion, illustrating that the supportless Pt 
black is more desirable than the supported Pt/C in the context of durability, 
which has also been reported in literatures.29, 35 
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Interestingly, the mass activity change of Pt black is analogous to that 
of PtCu NTs (Figure 5-13B) even though the patterns for their ECSA loss are 
quite distinct from each other. Therefore, it will be intriguing to examine the 
influence of ADT on the specific activities of the catalysts. As shown in Figure 
5-13C, the intrinsic activity of PtCu NTs is still much higher than those of 
the commercial catalysts after ADT. In terms of the relative change, PtCu 
NTs and Pt/C lose 18.5% and 17.0%, respectively, whereas Pt black 
experiences a slight increase (102.2%) of the specific activities after the 6000-
cycle durability test. For Pt black, the increased specific activity can be 
deemed as the balance between the dissolution of Pt that results in a 
decreased jk,s and the escalated particle size that results in an increased jk,s. 
As to Pt/C, it also needs to consider the carbon corrosion and the concomitant 
detachment of Pt, which dramatically accelerates the dissolution of Pt. In the 
case of PtCu NTs, the dissolution of Cu may results in a thickened Pt-rich 
Figure 5-13. The relative change of ECSA (A) and mass activity (B) of 
PtCu NTs (blue), Pt black (green), and Pt/C (red) with the cycling number 
during ADT. The data are normalized to the corresponding value before 
ADT. (C) The comparison of specific activities of the three catalysts before 
and after the 6000-cycle ADT.  
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layer on the surface and an increased Pt content in the bulk.36 These 
structural and compositional changes of the as-prepared catalyst may result 
in a decreased compressive lattice strain on the Pt-rich layer, leading to an 
upshifted d-band center position, and thus decreasing the specific activity of 
the catalyst. 
5.4 Conclusions 
PtCu nanotubes have been prepared by a facile galvanic replacement reaction 
procedure using Cu nanowires as the sacrificial template. No surfactant, 
elevated temperature, or sophisticated apparatus was involved in the 
fabrication process making it suitable for a large-scale production. It has 
been determined that the PtCu NTs are composed by a PtCu alloy and a Pt-
rich shell. The compressive strain originated from the smaller lattice 
constant in the core and the electron transfer from Cu to Pt due to their 
different electronegativity downshift the d-band center of Pt, which predicts 
the improved ORR activity of the as-prepared material.  
RDE experimental revealed that PtCu NTs not only exhibit a 2.4- and 
4.5-fold enhanced mass activity compared with Pt/C (40%) and Pt black, 
respectively, but also outperform the state-of-the-art ETEK Pt/C (20%) by 
more than 20%. Furthermore, the as-prepared catalyst has displayed a 
distinguished specific activity with more than 10-fold improvement relative 
to the commercial catalysts and more than 3-fold improvement relative to the 
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2015 DOE technical target (0.72 mA/cm2Pt @ 0.9 V). In terms of the durability, 
PtCu NTs have shown greatly ameliorated performance in the aspects of both 
ECSA and mass activity compared to Pt/C (40%) and Pt black after 6000-
cycle ADT, which can be attributed to the supportless, 1-D nanostructure of 
the as-synthesized catalyst. 
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Chapter 6 
Electrodeposition of Platinum Nanostructures on the Single-
Walled Carbon Nanotube Substrate and the Polyaniline Substrate 
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6.1 Motivation and objective 
Towards the improvement of the catalytic activity and the amelioration of the 
operational durability for ORR, rationally designed PtCu nanotubes have 
been prepared by a facile wet-chemistry−galvanic replacement reaction 
method in Chapter 5. However, this synthetic strategy makes it very difficult 
to produce free-standing cathode catalyst electrode, the advantage of which 
has been discussed in Chapter 1 and 2. Therefore, the primary motivation for 
this chapter is to explore the preparation method to produce Pt-based, free-
standing materials in the application of ORR. 
The versatility of the method proposed in Chapter 2 and 3, namely, 
electrospinning−electroless plating, will definitely be able to fabricate free-
standing cathode materials by electrolessly depositing Pt on the surface of a 
certain polymeric or inorganic nanofibrous template. However, for conductive 
substrate, electrodeposition provides a more convenient and controllable 
route to deposit nanostructured noble metal catalysts, which will be 
discussed in this chapter. 
In comparison with other deposition technique, electrodeposition 
provides a straightforward method to produce nanomaterials with high 
purity.1 The shape, size, coverage, and crystallinity of the resulting 
nanostructure can be precisely and reproducibly tuned by varying deposition 
parameters and substrate properties. Therefore, an appropriate selection of 
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conductive supports on which the materials are deposited will be a top 
priority. Besides good conductivity, some other basic properties of a qualified 
substrate include high flexibility and mechanical strength, good stability and 
durability, as well as excellent permeability and accessibility.  
Among different substrates, carbon nanotubes have shown to be 
attractive for electrodeposition due to their unique chemical, electrical, and 
mechanical properties.2 The electrodeposition of Pt nanostructures on single-
walled carbon nanotubes (SWCNTs)3 and multi-walled carbon nanotubes 
(MWCNTs)4 by chronoamperometry and potential-step method, respectively, 
were recently reported. In the context of ORR, MWCNTs have been reported 
as a promising Pt catalyst support in the application of PEMFC.5 
Moreover, inspired by chapter 2 where polyamide 6 nanofibers was 
applied as the template for the subsequent electroless plating, a 1-D, 
polymeric, nanofibrous membrane with sufficient conductivity and high 
surface area will also be an attractive substrate for the electrodeposition. In 
this regard, no other polymeric compounds are more qualified than 
intrinsically conducting polymers (ICPs). Moreover, the catalytic activity of 
CPs such as polypyrrole (PPy),6 poly(3,4-ethylenedioxythiophene) (PEDOT),7 
and polyaniline (PANI)8 have been demonstrated in non-noble metal-based 
electrocatalysts for ORR. In a recently work, the synergistic effect between 
PANI and Pt for ORR has been identified which can be described as the 
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electron delocalization between d orbitals of Pt and π-conjugated ligands of 
PANI.9 
In light of the previous discussion, this chapter aims at developing a 
facile and efficient method to synthesize novel flower-like Pt nanoparticles 
with tunable structure on a conductive SWCNT membrane and PANI 
polymeric membrane via cyclic voltammetry (CV) at room temperature. 
Neither surface modification of the substrates nor a template removal step is 
required. The optimization of experimental parameters will be discussed on 
the basis of FESEM images. In addition, the as-prepared composite material 
will be tested for ORR in a free-standing mode. 
6.2 Experimental 
6.2.1 Chemicals and reagents 
Chloroplatinic acid hexahydrate (H2PtCl66H2O), polyacrylonitrile (PAN), 
dimethylformamide (DMF), and aniline were purchased from Sigma-Aldrich. 
Concentrated sulfuric acid (H2SO4, 96%), ammonium persulfate (APS), and 
sodium dodecyl sulfate (SDS) were purchased from Fisher Scientific. 
SWCNTs were bought from Unidym. All solutions were prepared with 
deionized (DI) water (18.2 MΩcm) from a Barnstead DI water system. 
6.2.2 Preparation of SWCNT membrane 
An existing method was modified to prepare SWCNT membrane.10 Typically, 
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100 mg SWCNTs was mixed with 2.5 g SDS as the surfactant in 250 mg DI 
water and suspended with the aid of an ultra-sonicator (Cole-Parmer, 750 W) 
in an ice−water bath for 30 min. The sonicated mixture was then centrifuged 
(Beckman) at 12,500 rpm and 4 °C for 4 h. The top 75% of supernatant was 
collected as the SWCNT stock solution. Subsequently, 250 µL of SWCNT 
stock solution was mixed with 10 mL of DI water by a water bath sonicator 
(Barnstead) for 10 min. The diluted SWCNT solution was filtered through a 
polycarbonate (PC) membrane (Whatman, 47 mm diameter, 0.4 µm pore 
size). The resulting SWCNT membrane was thoroughly washed with DI 
water to remove the residual surfactant and dried at room temperature 
overnight. 
6.2.3 Preparation of PANI nanofibers 
First of all, PAN nanofibers were obtained by electrospinning process. Briefly, 
PAN was dissolved in DMF to make a 15 wt.% solution. PAN nanofibers were 
generated by electrospinning with 19 gauge needle at 17 kV applied potential 
and a distance of 15 cm with a flow rate of 0.3 mL/h. The obtained PAN 
nanofibers were used as template for PANI deposition. The polymerization 
condition was modified from a published method.11 In a typical experiment, a 
piece of PAN nanofiber template was immersed in a 0.04 M aqueous solution 
of aniline. The polymerization of aniline was initiated by the addition of 
0.04 M APS acidic solution containing 0.2 M HCl. The deposition of PANI on 
the PAN nanofibers at room temperature was indicated by the color change of 
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nanofibers from white to dark green. The system was kept under ambient 
condition for three hours to obtain a relatively uniform PANI layer followed 
by extensively washing with DI water. 
6.2.4 Electrodeposition of Pt nanoflowers 
The cathodic deposition of Pt was carried out on a CHI 601C electrochemical 
analyzer (CH Instruments) with a home-made membrane evaluating cell. 
Specifically, CV was performed in the range from −1 to 0 V at a scan rate of 5 
mV/s for 31 segments. SWCNT membrane or PANI nanofibers, Ag/AgCl (3 M 
KCl, 0.210 V vs. RHE), and Pt disk electrode were used as the working, 
reference, and counter electrodes, respectively. One 1 mM H2PtCl6 dissolved 
in 0.1 M H2SO4 electrolyte was applied as the precursor. The exposed area of 
working electrodes became black after cycling, indicating covering of Pt. The 
resultant membranes were thoroughly rinsed with DI water. The effects of 
deposition parameters on the morphology of Pt nanostructures were 
investigated for both conductive substrates. 
6.2.5 Characterization 
Field emission scanning electron microscopy (FESEM) and energy-dispersive 
X-ray spectroscopy (EDXS) were performed on a JEOL 6335F FESEM (10 kV 
operating voltage). Transmission electron microscopy (TEM), high-resolution 
TEM (HRTEM), and selected-area electron diffraction (SAED) were carried 
out with a JEOL 2010 FasTEM (200 kV operating voltage). The crystal 
CHAPTER 6 	  	  
	   161 
structures of the samples were characterized by Oxford diffraction 
XcaliburTM PX Ultra with an ONYX detector. X-ray photoelectron 
spectroscopy (XPS) was conducted in a PHI Multiprobe using an Al Kα 
source. All binding energies were calibrated by placing the C1s line at 284.6 
eV. The collected spectra were analyzed using the CasaXPS program. 
6.2.6 Electrochemical measurement 
Pt/SWCNT was chosen in the demonstration of ORR activity of the as-
prepared Pt-based composite materials. Chronoamperometry was carried out 
in 0.5 M H2SO4 in a home-made membrane evaluating cell at room 
temperature. Ag/AgCl (3 M KCl, 0.210 V vs. RHE) and Pt disk electrode were 
used as the reference and counter electrodes, respectively. Oxygen (0.8%) and 
nitrogen, controlled by a gas mixing system (S-4000, Environics Inc.) were 
intermittently (5 min) injected into the electrolyte with a total flow rate of 
300 mL/min, and the resultant current was continuously recorded at 0.2 V 
(vs. Ag/AgCl, 3 M KCl). Optimized stirring (350 rpm) was applied to provide 
sufficient gas diffusion onto the surface of the working electrode. The 
recorded current was normalized to the surface area of the working electrode 
(0.167 cm2). 
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6.3 Results and discussion 
6.3.1 Pt-nanoflower monolayer on SWCNT membrane 
(a) SWCNT membrane 
Figure 6-1A shows the FESEM image of the SWCNT membrane. PC 
membrane is fully covered by a thin layer of SWCNT network, and the pores 
(shaded areas) of the PC membrane (0.4 µm) still can be observed. The 
SWCNT membrane has excellent flexibility and stability as well as 
controllable thickness and conductivity. Furthermore, the price per unit area 
of such SWCNT membrane is much lower than those of commonly used 
conductive substrates such as indium tin oxide glass and glassy carbon plate, 
making the as-prepared SWCNT membrane an attractive substrate for 
electrodeposition. 
(b) Pt nanoflowers on SWCNT membrane 
The morphology and distribution of the electrodeposited Pt nanoparticles on 
the SWCNT membrane were investigated by FESEM. As shown in Figure 6-
1B, a monolayer of 3-D Pt nanoflowers uniformly covers the SWCNT 
substrate with a considerable density. A higher-magnification FESEM image 
(Figure 6-1C) exhibits that Pt nanoflowers consist of many petal-like 
nanosheets with an average thickness of ca. 10 nm, which provides a high 
specific surface area. In addition, the monolayer distribution could result in 
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an enhanced utilization efficiency of Pt. The composition of the nanoflowers 
was further examined by EDXS (Figure-1D) where Pt element was 
exclusively observed. 
  
Figure 6-1. FESEM images of a SWCNT membrane (A) and Pt deposited 
on SWCNT membrane with lower (B) and higher (C) magnifications with 
the corresponding EDXS (D) data. Electrodeposition of Pt by CV was 
operated in 0.1 M H2SO4 containing 1 mM H2PtCl6 with a scan rate of 5 
mV/s between -1 and 0 V (vs. Ag/AgCl 3 M KCl) for 31 segments at room 
temperature. The inset shows the corresponding image with a higher 
magnification. 
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XPS (Figure 6-2A) shows that the surface of Pt nanoflowers is 
composed of metallic Pt. The characteristic peaks of Pt4f7/2 and Pt4f5/2, 
centered at 71.4 and 74.7 eV, respectively, are in good agreement with those 
published elsewhere.12 Figure 6-2B displays the X-ray diffraction (XRD) 
pattern of the Pt nanoflowers. The diffraction peaks located at 2θ values of 
39.75°, 46.23°, 67.45°, 81.24°, and 85.69° are assigned to (111), (200), (220), 
(311), and (222) planes in the Pt face-centered cubic (fcc) crystal structure, 
respectively, according to JCPDS card 65-2868. 
 
Figure 6-3A shows a typical bright-field TEM image of the overall 
morphology of several Pt nanoflowers, which is consistent with the FESEM 
image in Figure 6-1C. It can be seen that each individual Pt nanoflower 
consists of many nanosheets. One specific nanopetal as indicated in Figure 6-
3A was observed by the HRTEM imaging technique. As shown in Figure 6-
Figure 6-2. (A) High-resolution XPS spectrum for the Pt4f region of the 
Pt nanoflowers. (B) XRD pattern of Pt nanoflowers. The electrodeposition 
condition is the same as that in Figure 6-1. 
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3B, the lattice spacing between adjacent (111) planes is determined to be 
0.226 nm, which is in agreement with the (111) d-spacing value of bulk Pt 
crystal. In addition, Figure 6-3B also shows that two edges of this nanopetal 
are nearly parallel to or just a few degrees deviated from the (111) plane, 
suggesting that the growth of nanosheets is highly probable to be anisotropic 
along the <111> direction. Figure 6-3C is the corresponding SAED pattern, 
where the five main diffraction rings can be indexed as the characteristic 
rings of the Pt fcc crystal, which is fully consistent with the result of the XRD 
pattern. 
  
Figure 6-3. (A) TEM image of Pt nanoflowers. (B) HRTEM image of one 
Pt nanosheet on the surface of Pt nanoflowers. (C) SAED pattern of Pt 
nanoflowers. The electrodeposition condition is the same as that in Figure 
6-1. 
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(c) Effect of electrodeposition parameters on nanostructures of Pt 
 
 
The effect of operating conditions, namely, deposition segment, scan rate, 
concentration of Pt precursor, and lower potential limit, on the structure and 
density of the electrodeposited Pt nanoparticles was examined by FESEM. 
Figure 6-4. Representative SEM images of Pt nanostructures under 
different electrodeposition conditions. (A) Segment: 1. (B) Scan rate: 20 
mV/s. (C) H2PtCl6 concentration: 0.1 mM. (D) Lower potential limit: -0.6 V. 
The inset shows the corresponding image with a higher magnification. The 
other parameters for each condition are the same as those in Figure 6-1. 
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Among all parameters, the deposition segment exerts a leading influence on 
the process of particle growth. Different Pt nanostructures generated by 
various deposition segments were obtained. Some irregular nanopetal 
structures (diameter ≈ 100 nm) with low surface coverage were produced in 
one deposition segment (Figure 6-4A). The nanopetal structure may serve as 
an elementary unit in the further growth of complex Pt nanoflowers. Since 
the nucleation process is relatively slow and irreversible, newly deposited Pt 
favors growing on the small Pt cores instead of generating more new nuclei.2 
Increasing deposition segments results in more complex monodisperse 
nanoflower assemblies with larger and longer nanopetals (Figure 6-1B). 
Further increasing the deposition segments would continue to enlarge the 
size of Pt nanoflowers, which finally repress each other due to the steric 
hindrance, thus producing highly dense vertically grown Pt nanosheets (data 
not shown). 
The scan rate also plays an important role in the electrodeposition of 
Pt due to its possible influence on the anisotropy during the growth of 
nanoparticles. It was found that a higher scan rate could result in a shorter 
nanopetal elementary unit, thus resulting in smaller assemblies with lower 
density (Figure 6-4B). 
The growth of Pt is also affected by the concentration of Pt precursor. 
At an extremely low concentration of H2PtCl6 (0.1 mM), the Pt nanosphere 
structure with a diameter of ca. 100 nm was produced (Figure 6-4C). This is 
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due to the limited mass transfer rate resulting from the insufficient precursor 
during the growth of Pt nanoparticles. 
All electrodepositions discussed above were performed in the range 
from -1 to 0 V (vs. Ag/AgCl 3 M KCl). However, when the lower potential 
limit was set to -0.6 V, only granular Pt nanoparticles were obtained (Figure 
6-4D). Therefore, the production of Pt nanoflowers with high surface area 
requires not only abundant Pt precursor in the solution but also a sufficient 
driving force to promote anisotropic growth of the “petal” on the nanoflower 
structure. In the following discussion, the Pt nanoflower monolayer prepared 
by 31 deposition segments, 5 mV/s scan rate, and 1 mM H2PtCl6 (Figure 6-
1B) was chosen as the material of interest. 
6.3.2. Pt nanoflowers on PANI nanofibers 
Due to their good conductivity and compatibility, the as-prepared PANI 
nanofibers can also be used as the substrate for the electrodeposition of Pt. 
Figure 6-5 shows the FESEM image of the PANI nanofibers before (A and B) 
and after (C and D) the electrodeposition of Pt for 31 segments. The increased 
diameter and surface roughness indicate the successful coating of Pt on the 
surface of PANI nanofibers. One can see from Figure 6-1C that the diameters 
of composite Pt/PANI nanofibers are as uniform as those of PANI template 
with a highly porous structure. The FESEM image in Figure 6-1D with a 
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higher magnification clearly reveals the flower-like morphology of the 
deposited Pt nanostructure with thin petal and high surface area, similar to 
the one obtained from SWCNT substrate. However, a striking difference 
between Pt/SWCNT and Pt/PANI is that, in the former case, Pt was 
deposited as a monolayer on the conductive SWCNT membrane; whereas in 
the latter case, Pt was deposited on the individual PANI nanofiber with a 
Figure 6-5. FESEM images of PANI nanofibers (A and B) and Pt/PANI 
composite nanofibers with different magnifications. The electrodeposition 
condition is the same as that in Figure 6-1. 
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similar morphology. This difference can be probably attributed to the 
improved surface wetting and highly porous structure of PANI substrate, as 
well as increased diameter of each PANI nanofiber. 
 
The formation of hybrid nanofibers was further characterized by EDX 
and XRD analysis. As shown in the inset of Figure 6-6, the EDX spectrum of 
Pt nanoflowers shows mainly Pt counting, confirming the existence of Pt on 
the surface of the PANI nanofibers. XRD spectrum of PANI nanofibers 
exhibited only weak and broad peaks at a 2θ value of 25°, suggesting that 
PANI nanofibers were mostly amorphous. The broad peak at a 2θ value of 25° 
can be ascribed to the perpendicular periodicity of the polymer chain.13 For 
Pt/PANI nanofibers, the diffraction peaks located at 2θ values of 39.75°, 
Figure 6-6. XRD patterns of PANI nanofibers (red) and Pt/PANI 
composite nanofibers (blue). Inset: EDXS of Pt/PANI composite nanofibers. 
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46.23° and 67.45° can be assigned to Pt (111), (200), and (220) planes, 
respectively, in a fcc crystal structure (JCPDS card 65-2868). 
 
During the deposition process, Pt nuclei were first formed on the PANI 
surface (Figure 6-7A). With further increase of the deposition segments, Pt 
grew into a flower-like structure that was composed of ultrafine Pt petals 
with thickness of several nanometers (Figure 6-5D). It is clearly that the 
coverage of Pt dramatically increased with longer deposition time. Therefore, 
the loading of Pt nanoflowers can be facilely controlled to satisfy the demand 
of different applications. In addition, the thickness of PANI layer also has 
effect on the Pt deposition. A thicker PANI film would lead to denser Pt 
nanoflowers deposition, which may be ascribed to the better conductivity of 
thicker film, resulting in the easier formation of Pt nuclei formation (data not 
shown). 
 
Figure 6-7. FESEM images of Pt nanoflowers electrodeposited on PANI 
nanofibers after 4 (A), 10 (B), and 20 (C) segments. The other parameters 
for each condition are the same as those in Figure 6-1. 
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6.3.3 Electrocatalytic performance of Pt/SWCNT towards ORR 
The applicability of the Pt-based, free-standing catalyst for ORR was 
demonstrated using Pt/SWCNT membrane electrode in 0.5 M H2SO4. As 
discussed in Chapter 5, RDE is the most widely used method to examine ORR 
activity of a certain catalyst. However, due to the difficulty to integrate the 
free-standing membrane on to RDE, herein, we employed another 
experimental setup − chronoamperometry at a constant working potential, to 
record the current change with intermittently supplying diluted O2 and pure 
N2, and thus, verify the catalytic activity of the free-standing working 
electrode towards ORR. 
Since the working potential is 0.41 V (vs. RHE) that is in the diffusion-
limiting region of ORR, the current should change with the concentration 
change of O2 in the electrolyte. As shown in Figure 6-8, the cathodic current 
increases with the provision of O2 (although at a very low concentration), 
indicating the good catalytic activity of the as-prepared free-standing 
electrode. The O2-induced cathodic current returns to the original (or close to 
the original) current level with supplying N2, suggesting the good recovery of 
the electrode, which could be ascribed to the higher surface area of Pt 
nanoflowers. The slight drift of the baseline may be caused by the variation of 
the gas flow rate that was not controlled in this demonstration. 
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6.4 Conclusions 
A facile and efficient electrochemical method was developed to synthesize 
free-standing, 3-D flower-like, Pt nanoparticles with tunable structure on 
conductive SWCNT membrane and PANI nanofibers via cyclic voltammetry 
at room temperature. Neither a surface modification of SWCNTs nor a 
template removal step is required. Unlike other reported Pt electrodeposition 
conditions, CV deposition applied here goes to a very low potential (-1 V vs. 
Ag/AgCl 3 M KCl), which surprisingly results in a unique 3-D Pt nanoflower 
structure. For Pt/SWCNT, FESEM and TEM images revealed that the Pt 
nanoflowers consisted of numerous petal-like nanosheets with a thickness of 
ca. 10 nm, providing a high specific surface area. EDS and XPS indicated the 
exclusive metallic Pt deposition of the SWCNT membrane. The HRTEM 
Figure 6-8. Chronoamperometry of ORR at 0.2 V (vs. Ag/AgCl 3 M KCl) 
in 0.5 M H2SO4 on the free-standing Pt/SWCNT membrane. 
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image showed that the nanosheet grew anisotropically along the <111> 
direction. XRD and SAED confirmed the Pt face-centered cubic crystal 
structure. The effect of operating parameters on the morphology of the 
deposited Pt nanostructures was discussed, and the optimal deposition 
conditions were determined to be 31 of deposition segment, 5 mV/s of scan 
rate, 1 mM of Pt precursor concentration, and -1 V of lower potential limit in 
order to obtain the uniformly distributed Pt nanoflower monolayer with a 
large surface area and high coverage on the SWCNT membrane. 
Furthermore, the applicability of the Pt/SWCNT free-standing electrode for 
ORR was demonstrated by chronoamperometry in H2SO4 solution. 
In a parallel study, Pt nanoflowers were also electronically deposited 
on PANI nanofibers, which has also been characterized by FESEM, EDXS, 
and XRD. The growth process was investigated by varying the deposition 
cycling number. In comparison with the monolayer Pt nanoflowers on the 
whole SWCNT membrane, a dense layer of nanopetal-like Pt nanostructures 
was deposited on the individual PANI nanofibers, which could be ascribed to 
the improved surface wetting and highly porous structure of PANI substrate, 
as well as increased diameter of each PANI nanofiber. 
These studies indicate that the as-developed procedure can be used as 
a generalized method to electrodeposit novel, nanostructured noble metal-
based electrocatalysts on conductive substrate, and will find more application 
in the preparation of functional nanocomposites for ORR.  
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7.1 Summary 
Chapter 1 provided a comprehensive summarization of the development of 
noble metal based electrocatalysts for alcohol oxidation reaction and Pt based 
electrocatalysts for oxygen reduction reaction. Following the principle of 
catalyst design in the introduction, this dissertation concentrated on the 
study of noble-metal based anode and cathode electrocatalysts in DAFCs with 
better performance and lower cost. 
In Chapter 2, palladium was electrolessly plated onto nanofibrous 
polyamide 6 template to produce the Pd/PA6 electrocatalyst with highly 
porous structure and excellent mechanical property. The as-prepared, free-
standing nanofibers were applied in the electrocatalysis of ethanol oxidation 
reaction. High current density and low Ib/If were achieved, which can be 
attributed to the large surface area, reduced diffusion resistance, and 
excellent poisoning tolerance. It has also been found that both KOH and 
ethanol concentration affect the forward scan peak current density and the 
peak position. Particularly, the peak potential was found to be dependent on 
the ratio of the KOH concentration to ethanol concentration. 
Adopting the overall synthetic strategy, In Chapter 3, a more desirable 
Pd-inorganic composite material was produced using using titanium dioxide 
(TiO2) as the nanofibrous template. The Pd/TiO2 nanofibers have shown 
excellent catalytic activity for the electrooxidation of glycerol. Both KOH and 
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glycerol concentrations affect the glycerol electrooxidation in terms of peak 
potential and the forward and backward scan peak current densities. 
Moreover, it was also found that higher Eupper could effectively remove the 
poisoning species during the forward scan. The electrooxidation of other 
alcohols such as methanol, ethylene glycol, and 1,2-propanediol were also 
studied in alkaline solution using the as-prepared Pd/TiO2 electrocatalyst. 
Among the examined alcohols with the same molar concentration, glycerol 
possesses the highest If, indicating that it is a potential candidate in fuel cell 
application. 
For ORR in cathode side, Pt is still the best catalyst up to date. In 
order to extend the fabrication of free-standing nanomaterials to the 
application of cathode catalysts with lower Pt loading, a more general, 
“electrospinning – electroless plating – galvanic replacement reaction” 
procedure was proposed in Chapter 4. Nevertheless, the poor conductivity of 
the as-prepared Pt-Cu-PAN membrane ruled it out from the application of 
free-standing electrocatalyst for ORR. The removal of PAN core was 
attempted by high-temperature treatment at 500 °C. However, the high 
carbon content from carbonization and high Pt oxides content from 
calcination dramatically impeded the catalytic activity of Pt for ORR.  
Still aiming to produce highly active, Pt based alloy catalyst for ORR, 
in Chapter 5, we developed a facile, one-step galvanic replacement reaction 
strategy to prepare 1-D PtCu nanotubes using wet chemically produced Cu 
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nanowires as the sacrificial template. No surfactant, elevated temperature, or 
sophisticated apparatus was involved in the fabrication process making it 
suitable for a large-scale production. It has been determined that the PtCu 
NTs are composed by a PtCu alloy and a Pt-rich shell. The compressive strain 
originated from the smaller lattice constant in the core and the electron 
transfer from Cu to Pt due to their different electronegativity downshift the 
d-band center of Pt, which determined the improved ORR activity of the as-
prepared material. RDE experimental revealed that PtCu NTs not only 
exhibited a 2.4- and 4.5-fold enhanced mass activity compared with Pt/C (40%) 
and Pt black, respectively, but also outperformed the state-of-the-art ETEK 
Pt/C (20%) by more than 20%. Furthermore, the as-prepared catalyst had 
displayed a distinguished specific activity with more than 10-fold 
improvement relative to the commercial catalysts and more than 3-fold 
improvement relative to the 2015 DOE technical target (0.72 mA/cm2Pt @ 0.9 
V). In terms of the durability, PtCu NTs have shown greatly ameliorated 
performance in the aspects of both ECSA and mass activity compared to Pt/C 
(40%) and Pt black after 6000-cycle accelerated durability test, which can be 
attributed to the supportless, 1-D nanostructure of the as-synthesized 
catalyst. 
In Chapter 6, a facile and efficient electrochemical method was 
developed to synthesize free-standing, 3-D, flower-like, Pt nanoparticles with 
tunable structure on the conductive SWCNT membrane and PANI 
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nanofibrous membrane. Unlike other reported Pt electrodeposition 
conditions, CV deposition applied here went to a very low potential (-1 V vs. 
Ag/AgCl 3 M KCl), which surprisingly resulted in a unique 3-D Pt nanoflower 
structure. For Pt/SWCNT, the Pt nanoflowers consisted of numerous petal-
like nanosheets with a thickness of about 10 nm, providing a high specific 
surface area. The effect of operating parameters on the morphology of the 
deposited Pt nanostructures was discussed, and the optimal deposition 
conditions were determined to be 31 of deposition segment, 5 mV/s of scan 
rate, 1 mM of Pt precursor concentration, and -1 V of lower potential limit in 
order to obtain the uniformly distributed Pt nanoflower monolayer with a 
large surface area and high coverage on the SWCNT membrane. 
Furthermore, the applicability of the Pt/SWCNT free-standing electrode for 
ORR was demonstrated by chronoamperometry in H2SO4 solution. In a 
parallel study, Pt nanoflowers were also electronically deposited on PANI 
nanofibers. The growth process was investigated by varying the deposition 
cycling number. In contrast to the monolayer Pt nanoflowers on the whole 
SWCNT membrane, a dense layer of nanopetal-like Pt nanostructures was 
deposited on the individual PANI nanofibers, which could be ascribed to the 
improved surface wetting and highly porous structure of the PANI substrate, 
as well as increased diameter of each PANI nanofiber. In addition, the overall 
procedure for the material preparation was economically efficient and 
environmentally friendly which did not rely on any sophisticated apparatus. 
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The usage of toxic compounds is very limited. Elevated temperature is not 
required in the material preparation. The developed preparation procedure 
should be easily scaled up and suitable for mass production. 
In summary, the developed methods for the fabrication of free-standing 
membrane electrodes and rationally designed nanomaterials combining 
several favorable properties will open up new avenues in the preparation of 
noble metal based nanomaterials and can be potentially extended to the 
synthesis of a wider range of electrocatalysts in the application of DAFCs. 
7.2 Outlook 
Pt has been under intensive and extensive studies as the nanomaterials on 
both cathode and anode in DAFCs, towards the improvement of activity and 
durability of electrocatalysts for ORR and AOR. 
In the context of ORR, enhanced activity of Pt can be obtained by 
controlling the crystallographically oriented surface of the monometallic 
electrocatalysts. A more effective strategy is to alloy Pt with a second 
transition metal that dramatically improves the catalytic ability of Pt for 
ORR by modifying the surface electronic structure and atomic arrangement 
of the catalyst. Moreover, the monolayer deposition of Pt on another metal or 
metal alloy promises the theoretical minimum of Pt loading on the cathode of 
DAFCs. The durability issue associated with Pt can be ameliorated by 
incorporating another noble metal in the electrocatalysts which can increase 
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the dissolution potential of Pt, and by adopting supportless (no carbon 
support), 1-dimensional or 3-dimensional nanostructures which radically 
eliminate the carbon corrosion issue and effectively alleviate the particle 
growth issue. 
Morphological and crystallographic control can also be applied in the 
development of Pt based electrocatalysts for AOR. Furthermore, the catalyst 
design for AOR can also be customized by the corresponding reaction 
pathway of different alcohols. Specifically, the presence of a second metal, 
such as Ru or Sn, considerably improves the catalytic activity of Pt towards 
MOR via “bifunctional mechanism” and “ligand effect”. For EOR, the 
cleavage of C-C should also be taken into account in order to achieve higher 
usage efficiency of ethanol. However, the catalyst design for GOR is 
dominated by trial-and-error method since there is still lack of a unanimous 
mechanism for the electrooxidation of glycerol on the surface of noble metal 
based electrocatalysts in either acidic or alkaline solution. 
When it comes to the price of the catalysts, the cost of synthetic 
procedures must also be considered. Aiming at the commercialization of fuel 
cells, on one hand, rationally designed electrocatalysts should be produced 
with controllable dimension, narrow size distribution, and good dispersion; on 
the other hand, the preparation of electrocatalysts requires simple and cost-
effective process that is suitable for scale-up. Considering all factors, solution 
based synthesis of nanomaterials may have better promise for mass 
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production. For example, motivated by the superior catalytic activity from 
extended Pt3Ni(111) surface prepared from ultrahigh vacuum, recently, 
monodisperse Pt3Ni nanoctahedra terminated with (111) facets were 
synthesized via a wet-chemistry approach, and displayed higher catalytic 
activity towards ORR than commercial Pt/C. However, some potential 
difficulties such as the uniformity of heat and mass transfer in the solution, 
the removal of capping agents, as well as the inconsistency from different 
batches should be carefully forecasted and brought into action before the 
large-scale preparation. 
As mentioned above, the performance of the catalysts can be improved 
with the helping hand from a second metal. This help may also be offered by 
the support materials for catalysts, such as carbon based and metal oxide 
based nanostructures, which not only anchor and disperse the nanocatalysts, 
but also favor the mass and charge transfer associated with the reactions. 
Some nano- and meso-structured carbons, namely, nitrogen-doped carbon 
nanotubes, carbon fibers, mesoporous carbon, graphene, and reduced 
graphene oxide, have been demonstrated as attractive catalyst supports with 
improved catalyst dispersion and gas diffusion efficiency. Although feasible, 
the application of carbon based catalyst supports still faces some challenges 
in terms of material synthesis, metal loading, electrode preparation, 
especially the carbon corrosion issue during the long-term operation of fuel 
cells. Non-carbonaceous substrates, such as metal oxides, nitrides, and 
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borides, are relatively inert in strong oxidative conditions, and may be 
considered as potential alternatives to solve the durability issue associated 
with the carbonaceous counterpart. Pt and Pt/Ru alloys have been dispersed 
in titanium dioxide or tungsten trioxide and displayed enhanced catalytic 
activity on both anode and cathode. Tungsten carbide can coordinate with, 
and concomitantly, promote the MOR performance and CO tolerance of Pt 
nanoparticles. In addition, hybrid materials combining noble metals, carbon, 
and non-carbon materials aiming to harvest their synergistic function have 
also been extensively developed. 
The major issue impeding the commercialization of PEMFCs for 
transportation purpose and DAFCs for portable electronic devices is the 
formidably high price of Pt used as the primary catalysts in fuel cells. 
Therefore, the development of non-Pt based or even non-noble metal based 
electrocatalysts, especially for the cathodic ORR, would fundamentally 
advance the wide-spread application of fuel cells. In this regard, some metal 
oxides such as manganese based zirconium and tantalum oxides have been 
examined as the electrocatalysts for ORR. Even though the catalytic activity 
of metal oxides is still far away from that of Pt, the superior stability of this 
class of nanomaterials made them very promising as the cathode catalysts. 
Better ORR activity has been demonstrated from organometallic complexes 
which have a typical structure of metal-N4, such as metal phthalocyanines 
and transition metal porphyrins. Furthermore, new strategy for the 
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development of organometallic complexes are inspired by natural enzymes, 
such as cytochrome c oxidases and multicopper oxidases, which more 
efficiently catalyze ORR via a four electron transfer process and even 
outperform Pt with respect to catalytic activity. The active sites of these 
enzymes are Fe or Cu, and usually two or more active centers function 
cooperatively for ORR. Accordingly, effective electrocatalysts are designed to 
mimic the functional groups associated with active sites of enzymes in terms 
of the metal centered catalytic sites, such as Fe, Co, Mo, Mn, and Cu, and the 
suitable chemical environments, such as strongly conjugated nitrogen ring 
systems. In general, the electronic properties of the metal ion centers can be 
tuned by introducing different ligands which resemble the enzyme 
environment. One state-of-the-art example is the bimetallic alloy: one metal 
center is responsible for the formation of the hydroperoxyl radical from O2 
and the other metal center favors the reduction of the intermediate OH 
species to H2O. Nevertheless, similar to enzymes, this class of catalysts 
suffers from the stability issue and lower current output, which are urgently 
needed to be solved. 
With the advance of computational tools and experimental approaches, 
which enable the fundamental comprehension of the relationship between 
synthesis, structure, and property, one can expect better fuel cell catalysts 
with lower cost and higher efficiency in the near future. 
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